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ABSTRACT 
The island of Reunion in the Indian Ocean consists of two volcanic massifs; the 
active shield volcano, Piton de la Fournaise; and Piton des Neiges, which is now 
extinct. During the Shield-building stage (Phases I and H) of Piton des Neiges, 
olivine-phyric, transitional alkali basalts were erupted. The products of Phase I and 
II magmatism constitute 90% of the edifice by volume. The focus of magmatism 
migrated to Piton de la Fournaise c. 350,000 years ago. Simultaneously, Piton des 
Neiges entered Phase ifi when it started to erupt evolved magmas, producing the first 
Differentiated Series lavas. Some 220,000 years ago Piton des Neiges magmas 
became sufficiently evolved to erupt explosively; these explosive eruptions mark the 
base of Phase IV, the subject of this study. 
The products of Phase IV consist of mugearite to quartz trachyte lavas, intrusives, 
and pyroclastic deposits; the most recent explosive eruption may have occurred as 
little as 12,000 years ago. There are two categories of pyroclastic formation: (i) 
heterogeneous deposits (Salazie Formation, St Louis Formation, Dalle Soudée 
Formation), which show evidence for mixing between mugearite or benmoreite and 
quartz trachyte magmas; and (ii) homogeneous deposits (St Gilles Formation, St 
Pierre Formation), containing aphyric, geochemically homogeneous, benmoreite to 
quartz-trachyte pumices, with little or no evidence for magma mixing. 
Compositions of juvenile material from the heterogeneous deposits lie on a coherent 
whole-rock fractionation line. The Salazie Formation is zoned, with a mixed 
benmoreite-trachyte lower flow-unit and a mugearite upper flow-unit. Evidence for 
magma mixing in the heterogeneous deposits includes: co-existence of 
fiamme/pumices with different compositions and phenocryst populations; reverse 
zoning in phenocrysts; and banded pumice. The most evolved material in any 
deposit is enriched by a factor of 2 to 5 in incompatible elements (REE, LILE, REE, 
K and Na), and is similarly depleted in compatible elements (e.g. Mg, Ca, transition 
metals). Post-magmatic alteration has affected pumices from the homogeneous 
deposits, and accounts for much of the observed within-deposit variation. The 
homogeneous deposits have lower Ca, P. Mn, Fe, Na, Ba, Sc, and Zn; and higher Al, 
Sr, Rb, Pb, Cu and Zr for the same Si02 than those in the heterogeneous deposits. 
Three main generations of coarse-grained xenoliths are observed in the pyroclastic 
formations: cumulate gabbros to syenites; hypabyssal, porphyritic gabbros; and 
hypabyssal microsyenites. Cumulate xenoliths contain olivines with lower Ca 
content for the same forsterite than juvenile pumices/fiamme/lavas or hypabyssal 
xenoliths, and therefore equilibrated under different conditions. Porphyritic gabbros 
contain pyroxenes with lower Ca-Tschermak's component than those observed in 
juvenile pumices/fiammeflavas or cumulate xenoliths, and therefore crystallised at 
lower pressure. 
The most evolved eruptives in the heterogeneous deposits could have been produced 
by 85% crystallisation of olivine, plagioclase, clinopyroxene, apatite, magnetite and 
amphibole from a low-Si02 mugearite parent. Incompatible elements are less 
enriched, and compatible elements less depleted, than predicted from simple 
Rayleigh Fractionation using major-element least squares models. A combination of 
in situ crystallisation and paired recharge-fractionation produced this effect. 
Phase IV magmas were produced at two levels. The heterogeneous deposits were 
erupted from one or more high-level, evolved magma-chambers, which were 
replenished with fresh mugearite-benmoreite magma from a main, intermediate-level, 
periodically replenished, zoned, equant, fractionating chamber. Replenishment 
occurred shortly before eruption, so that phenocrysts in the evolved pumices were not 
thermally eroded. The homogeneous deposits were produced by independent 
fractional crystallisation of a similar parental magma but with a higher Zr/Nb ratio. 
Olivine, pyroxene, magnetite, plagioclase and apatite fractionated in the main magma 
chamber. Magma was introduced into high-level, independently evolving, annular 
intrusions as a result of periodic replenishment and mixing of the main chamber. 
The high-level intrusions were thermally isolated from the main chamber. Repeated 
intrusion along the same path caused stratification, overturn, mixing and assimilation 
of evolved, porphyritic trachyte in the high-level intrusions by fresh, incoming 
mugearite-benmoreite. Phenocryst populations include both those derived from the 
main, deep chamber and those which formed in the annular intrusive complex. 
Cumulate xenoliths are regarded as roof-rock materials from the main fractionating 
chamber. Coarse, hypabyssal, porphyritic gabbro xenoliths crystallised at lower 
pressure in the annular intrusive complex. Microsyenite xenoliths crystallised in 
high-level, feeder dikes and sills. Open-system processes dominated Phase IV 
petrogenesis, calling into doubt the assumption that Piton des Neiges is no longer 
active. 
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Differentiated volcanics are volumetrically minor in a within-plate oceanic setting; 
they are, however, commonly observed in the late-stage eruptives of such volcanoes, 
where a declining magma supply rate leads to the production of increasingly 
differentiated material between periodic replenishing batches. The final eruptive 
phase of Piton des Neiges volcano (on the island of Reunion in the Indian Ocean) is 
known as Phase IV. Its products consist of recent, differentiated lavas, pyroclastic 
formations and intrusions. The main aim of this study was to evaluate the 
subvolcanic processes taking place during the evolution of Phase IV, and to assess 
the probability of renewed activity. 
The physical behaviour of magmas is governed by their geochemical composition 
and the conditions under which they evolve. Juvenile pumices, fiamme and lavas are 
primary magmatic products and provide a good measure of the composition of the 
magmas. Petrographic and mineral chemical data provide further compositional data, 
and in systems where the phase relationships are well understood they may also 
constrain the physical conditions under which the magmas evolved. Xenoliths 
ejected during explosive eruptions represent samples of solid material from a range 
of levels within the volcano. Xenoliths related to Phase IV genesis were readily 
identified in Phase IV pyroclastic formations, as they had evolved compositions; 
other Piton des Neiges products were more primitive throughout its earlier history. 
The field characteristics of the main Phase IV pyroclastic and intrusive formations 
are described and interpreted in Chapter 3. Petrographic and mineral chemical data 
are discussed in Chapter 4. The petrographic and mineral chemical characteristics of 
Phase IV xenoliths are described in Chapter 5. Whole-rock major- and trace-element 
analyses were performed on pumices and fiamme from measured stratigraphic levels 
in the main Phase IV pyroclastic formations and lavas. Glass analyses were obtained 
where possible, to give the erupted liquid composition. Whole-rock and glass 
analyses are presented in Chapter 6. These geochemical data are combined with 
petrographic and mineral chemical analyses to give an overall picture of the evolution 
of Phase IV magmas in Chapter 7. Conclusions reached as a result of this analysis 






2.1 Tectonic context 
he de la Reunion is a volcanic island located c. 750km east of Madagascar, 170km 
west-south-west of Mauritius and 1200km west of the present Central Indian Ridge 
(Fig. 2.1). The island has a surface area of c. 2500km 2. It is thought to be the 
present-day expression of the mantle plume or hot-spot which was responsible for the 
Deccan Traps volcanism 66-68Ma (Duncan 1981, Bonneville et at., 1988, Duncan et 
al., 1989). 
The island is ellipsoidal (30km x 70km) and rises in the Mascarene basin from 
4000m depth. It is elongated north-west to south-east, perpendicular to regional 
transforms and parallel to a fossil ridge (Chevallier and Vatin-Perignon, 1982; 
Schlich et al., 1990). Its estimated basal dimensions on the Indian Ocean floor are 
240 x 200km. It is composed of two massifs; Piton des Neiges (at 3069m, the 
highest topographic point in the Indian Ocean), a supposedly extinct volcano to the 
north-west, occupies approximately 2/3 of the volume of the island and has a 
subaerial diameter of c. 50km. Piton de la Fournaise (2632m) to the south-east is one 
of the most active volcanoes in the world with an estimated annual output of magma 
of about ll,000,000m 3 per year (Lenat and Bachèlery 1988, Bachèlery etal., 1990). 
Piton des Neiges has been eroded into three bowl-shaped "Cirques" (Cirque de 
Salazie, Cirque de Mafate, Cirque de Cilaos) separated by thin, high ridges and 
arranged in the shape of a clover-leaf, with the peak in the centre. This affords a 
unique opportunity to study an extensive section through the volcanic edifice. Two 
main phases of evolution of Piton des Neiges have been recognised (Upton and 
Wadsworth 1965): the Shield-building stage and the Differentiated Series (Fig. 2.2). 
Each of these has been further subdivided into two, making a total of four structural 
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Phase Ill eruptives were densely feldsparphyric to aphyric hawaiitic to mugearitic 
lava flows, saturated or oversaturated in silica. These were followed after a hiatus of 
some 40,000 years by a series of catastrophic hawaiitic to trachytic pyroclastic 
eruptions, which mark the base of Phase IV (Billard, 1974; Deniel, 1990; Rocher, 
1990; Kieffer, 1990). The deposition of these pyroclastic deposits steepened the 
upper flanks so that Phase IV has been likened to the production of a stratovolcano 
superimposed on the original shield (Rocher, 1990; Stieltjes, 1990; Stieltjes, 1991). 
Emplacement of microsyenitic intrusions and hawaiite to trachyte lava flows and 
domes accompanied this explosive activity. 
La Reunion lies in the path of strong, water-saturated north-easterly trade-winds. 
The windward side of the island suffers exceptionally high rainfall, much of which 
falls during catastrophic tropical rainstorms. In contrast, the leeward (western) side 
lies in the rain shadow and is relatively arid. This is also the most popular residential 
area, presenting interesting hydrogeological problems. There are a number of other 
important geological consequences of this climatic situation. The erosion rate in the 
East is much higher than that in the west; a greater lava volume must therefore have 
been deposited on this flank than the western flank in order for the symmetrical 
outline of the volcano to have developed. Exposure is much poorer in the humid 
East as lava-flows are quickly colonised by lush, tropical rain-forest. The high 
erosion-rate has led to the development of very deep, steep-walled erosional basins 
(or cirques) and canyons. These afford a unique opportunity to investigate the central 
core of the volcano in conjunction with related lava-flows. The catastrophic 
rainstorms which ravage the island at c. three-yearly intervals can lead to devastating 
mobilisation of the near-vertical walls of the cirques and canyons, causing debris 
flows and avalanches which constitute the biggest natural hazard on the island. 
2.2 Geology of Piton des Neiges 
Fig 2.2 is a map of La Reunion showing the lateral extent of the eruptives of the 
shield-building stage and Differentiated Series (after Billard, 1974). The 
geochronology of Piton des Neiges eruptions has been investigated using K-Ar 
(McDougall, 1971; Gillot and Nativel, 1982), 'C (Delibrias, in Gerard and Stieltjes, 
1979), and 230Th-238U disequilibrium (Deniel, 1988; Condomines et al., 1988 
Deniel et al., 1992) techniques, and is summarised by Deniel (1990). 
lei 
KEY 
Littoral deposits (epiclastic beach 
deposits, and alluvial fan conglomerates) 
Differentiated Series eruptives 
(Phase II! and IV) 
Cirque deposits (agglomerates, 
breccias, lavas and intrusives) 
liii ft Shield-building stage lavas 
Fig. 2.2: Simplified geological map of Piton des Neiges showing the lateral extent of the 
Shield Building Stage and Differentiated Series volcanics. The cirques Mafate, Salazie 
and Cilaos are partially filled with epiclastic breccias and agglomerates; other cirque 
exposures include both Shield-Building Stage and Differentiated Series volcanics and 
intrusives, but are not shown for clarity. The Differentiated Series forms a thin veneer, 
masking most of the Shield Building Stage except in deep canyons and at the coast. Littoral, 
coastal deposits and alluvial fans are also shown. 
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2.2.1 Shield-building stage 
The shield-building stage formed over 80% of the volcano by volume and is mainly 
exposed in deep canyons and cirques. This stage can be subdivided into the heavily 
brecciated, zeolitised Older Oceanite series (Phase I) (Upton and Wadsworth, 1972b; 
Billard, 1974; Native!, 1977), extensively intruded by anastamosing dykes and sills; 
and the much fresher, less densely intruded Younger Oceanite series (Phase II). In 
both these cases the dominant process controlling evolution of the magma was 
olivine fractionation (Upton and Wadsworth, 1972a; Nativel et al., 1979; Fisk et al., 
1988). The shield-building eruptions were accompanied by intrusion of basic and 
ultrabasic bodies which are represented by a layered gabbroic body in the Cirque de 
Salazie, and by dunite cumulate nodules in the lavas (Upton and Wadsworth, 1972b). 
Phase I can be divided into 2 distinct eruptive episodes which have been placed at 
2.1Ma to 1.9Ma and 1.2Ma to iMa respectively (McDougall, 1971). It is likely that 
2. 1 M is an underestimate of the age of the volcano, given that the larger part of the 
edifice would have been constructed under water prior to this time. Phase II has been 
placed at 0.58Ma to 0.44Ma. It has a much more limited lateral extent than Phase I, 
mainly occupying the upper walls of canyons and cirques. 
2.2.2 Differentiated Series 
Phase ifi occurs as a thin veneer overlying Phase H. Again it is mainly accessible in 
the deeply eroded canyons and cirques, but there are also coastal exposures and some 
flank deposits which have not been covered by Phase IV flows. The onset of Phase 
ifi (Differentiated Series) has been placed at 350,000 years (McDougall, 1971; 
Gillot and Nativel, 1982; Rocher, 1990). This date is consistent with the earliest 
dated eruptions of Piton de la Fournaise, so the onset of Differentiated Series 
magmatism is thought to have been caused by isolation or diminution of the magma 
supply as the focus of volcanic activity moved to Piton de la Fournaise (Upton and 
Wadsworth, 1972a; Gillot and Native!, 1982). 
Phase IV deposits form a very thin veneer over the majority of the edifice where they 
rarely exceed lOm in thickness. In places, however, pyroclastic flow units have 
ponded and thickened in paleovalleys (e.g. the Salazie Cirque welded ignimbrites; 
unwelded flow-units between Entre-Deux and St Pierre) or palaeocirques (e.g. on the 
Plateau de Béllouve-Bébour). The overall thickness of Differentiated Series deposits 
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is greatest on the Eastern flank, compensating in part for the higher rate of erosion in 
the East. Phase IV probably accounts for 5-10% of the total volume of Differentiated 
Series products (Gillot and Nativel, 1982). 
Kieffer (1990) defined the onset of Phase IV, using chronological, petrographic, 
volcanological and morphological criteria, at 190,000 - 150,000 years b.p. He 
proposed that it coincided with the emplacement of the Salazie Cirque welded 
ignimbrites, then thought to be the earliest manifestation of explosive magmatism. 
Recent dating of a lava flow overlying an ignimbrite at St Suzanne, however, (Deniel 
et al., 1992) has revealed a minimum age estimate of 220,000 years for this 
ignimbrite, leading to a proposal that it is the oldest member of Phase IV. The St 
Suzanne Formation is therefore taken to represent the base of Phase IV for the 
purposes of this study. The main pyroclastic units have been placed by most authors 
between 220ka and lOOka (Gillot and Nativel, 1982; Michaud, 1987; Deniel et al., 
1992). However, the errors on these dates are such that it is impossible to be sure of 
their relative ages. The explosive eruptions were geographically widespread, 
although volumetrically minor. They have been deduced to coincide with a period of 
erosion between Phase ifi and the final, summital Phase IV lavas' (Gillot and 
Nativel, 1982; Gillot and Nativel, 1989). The late-stage lavas erupted over a period 
of time between 130ka and 29ka (McDougall 1971; Gillot and Nativel, 1982; 
Rocher and Westercamp, 1988; Rocher, 1990; Deniel, 1992). 
2.3 Petrographic and geochemical evolution of Phase 1-111 
The geochemical and petrographic evolution of Piton des Neiges has recently been 
summarised by Deniel (1990). Major element variation in Piton des Neiges eruptives 
is summarised in the Total alkalis - silica diagram of Le Bas and Streckeisen (1986) 
in Fig. 2.3. 
I here referred to as 'late-stage lavas" 
I 
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Piton des Neiges (Nativel. 1977) 
A Phase IV (this study) 
101 
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Fig. 2.3: Piton des Neiges samples plotted on the total alkalis-silica diagram of Le Bas and 
Streckeisen (1986). New analyses of Phase IV pumices, fiamme and lavas from this study are plotted 
for comparison. 
2.3.1 Phase I 
Phase I consists of voluminous, hypersthene-normative, transitional basalt lava flows 
(Upton and Wadsworth, 1972a). Phase I may be likened to the tholeiitic shield-
building stage of evolution of the Hawaiian volcanoes (Clague 1987, Rocher and 
Westercamp 1989, Rocher 1990). It is compositionally very homogeneous, 
representing a continuously replenished system (O'Hara, 1977; O'Hara and Mathews, 
1981). The magma-body feeding Phase I eruptions may have consisted of a system 
of small-scale feeder dykes and sills, similar to those envisaged beneath Piton de la 
Fournaise volcano at present (Lenat and Bachèlery, 1990; Deniel, 1990). 
2.3.2 Phase II 
Phase II lavas are petrographically similar to Phase I, but have been subjected to 
much less hydrothermal alteration. Phase I and Phase H together form a continuous 
compositional series from oceanite (D. I. = 15 to D.I.= 20) to olivine basalt (D.I. 
18 to D.I. = 30) (Upton and Wadsworth 1972a, Nativel et al., 1979). Oceanites 
contain up to 45% by volume olivine phenocrysts in a matrix of plagioclase, 
clinopyroxene, olivine and opaque oxides. Olivine basalts contain phenocrysts of 
olivine + spine] ± calcic clinopyroxene ± plagioclase (Upton and Wadsworth, 1972a, 
b; Nativel, 1978; Nativel et al., 1979) in a matrix of plagioclase, augite, FeTi oxide 
and olivine. Geochemical differences between individual olivine basalt samples can 
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be explained in terms of their differing olivine content (Upton and Wadsworth, 
1966;1969;1972a, b). 
2.3.3 Phase ifi 
Phase m consists of alkaline, differentiated hawaiite-mugearite lava-flows up to I Om 
thick with D. I. between 15 and 48 (Upton and Wadsworth, 1972). These may 
contain abundant (up to 50% by volume) bytownite-labradorite plagioclase 
phenocrysts with subordinate augite and titanomagnetite ("Roches Pintades"), or may 
be completely aphyric (Upton and Wadsworth, 1972a; Nativel, 1977; Deniel, 1990). 
2.3.4 Differentiated Series Intrusives 
Concentrically oriented dykes and sills occur as cone-sheets parallel to the inferred 
caldera wall (Stieltjes 1981). In contrast to Phase IV extrusives with an equivalent 
chemical composition, the intrusives have a hydrated phenocryst assemblage, 
frequently including amphibole, chlorite and calcite. Abundant, miarolitic cavities, 
thought to be formed from separating volatiles, imply that the magmas were saturated 
in H20 and CO2 (Upton and Wadsworth 1972a). 
2.4 Parental magma for the Differentiated series 
Upton and Wadsworth (1972a) concluded that the Phase ifi differentiates could have 
evolved from a Phase H parent. According to trace-element studies (Zielinski, 1975), 
a basalt erupted early in Phase ifi could be of a suitable composition to be a parent 
for the remaining Differentiated Series magmas. Some mixing of a component from 
a hornblende- or augite-rich source would have to be invoked to account for the 
range in magma composition found in the lavas. Fisk et al., 1988 noted that the 
trace-element patterns of Phase Ill and IV resemble those of Piton de la Fournaise 
more closely than those of Phase II Piton des Neiges. They suggest that the early 
oceanites of Piton des Neiges may have been contaminated by ancient oceanic crust, 
which affected their trace-element values, whereas the parental magma for Phase ifi 
had not been affected. 
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2.5 Phase IV petrogenesis 
Several models have been proposed to explain Phase IV petrogenesis. Nativel (1977) 
compared temperatures from the plagioclase geothermometer of Kudo and Weill 
(1970) with those from the coexisting oxide thermometer of Buddington and 
Lindsley (1964). The plagioclase temperatures were only close to the oxide 
temperatures at very high PH20. He concluded that fractionation must have occurred 
at at least two depths within the crust: at >17km, and at c. 11km. This model is 
strongly dependent on the reliability of the two thermometers. 
Rocher (1988, 1990) and Rocher and Westercamp (1989) noted that silica-
undersaturated compositions appeared during late Phase IV (c. 120,000 -70,000 years 
b.p.), but were replaced by silica-oversaturated magmas around 70,000 years ago. 
They likened the generation of silica-undersaturated magmas during Phase IV 
genesis to the post-erosional stage exhibited by Hawaiian volcanoes (Clague, 1987). 
According to Rocher (1990), the sudden return to silica-oversaturated compositions 
was due to a major extensional tectonic event. This comparative model is, however, 
untenable because the Hawaiian post-erosional stage volcanics, produced by 
decreasing degrees of partial melt, reach the surface essentially unmodified, and the 
primitive magmas are magnesian, and contain feldspathoids and mantle xenoliths 
(Clague, 1987; Schmincke et al., 1990). In contrast, Phase IV magmas are 
differentiated, with low Mg-numbers (MgOcz7%); no feldspathoids or mantle 
xenoliths are observed. Slightly silica-undersaturated magmas pass into silica-
saturated magmas in other alkaline systems (e.g. Mururoa Atoll; Maury et al., 1992). 
Such a progression is explicable in terms of low pressure fractionation of iron-
titanium oxides (e.g. Pantelleria, Mahood and Baker, 1986); aluminium-rich 
pyroxenes; or titanium-rich amphibole (e.g. ChaIne de Puys, Villemant et al., 1980). 
McDougall (1971) and Fisk et al. (1988) showed that Reunion is isotopically 
homogeneous, derived from a homogeneous source region in the mantle, although 
Oversby (1972) demonstrated some variations in lead isotope ratios. Differences in 
composition of Phase IV eruptives were largely produced by varying degrees of 
fractional crystallisation at various depths in the crust. Deniel (1990) favoured a 
model whereby Phase IV magma evolved in several small, isolated, fractionating 
chambers. Kieffer (1990) suggested that Phase IV evolved in a single, large, 
fractionating magma-chamber. Occasional mixing events within the chamber 
triggered catastrophic eruptions, accompanied by caldera collapse. 
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Aims of the Project 
The geochemistry and petrology of the Phase IV pyroclastic formations have been 
relatively neglected by previous authors, and therefore this project focussed on the 
characterisation of these deposits. The aims of the project were fivefold: 
To provide a detailed analysis of Phase IV field relationships through field work; 
To produce a model for the evolution of Phase IV magma chambers by identifying 
geochemical and petrographic heterogeneities in the pyroclastic formations; 
To provide and test a detailed petrogenetic model for the evolution of Phase IV 
magmas using geochemical, petrographic and mineral chemical data; 
To estimate the physical properties of Phase IV magmas and the physical 
conditions under which they evolved and; 
To improve the understanding of the development of Phase IV magma chambers 
by investigating the petrographic characteristics of a suite of coarse-grained 
xenoliths. 
2.6 Summary 
Piton des Neiges is an oceanic intraplate volcano, thought to have a hot-spot origin. 
During the shield-building stage of its evolution, transitional olivine basalt lavas and 
intrusives were produced. The Differentiated Series lavas of Piton des Neiges mantle 
the shield-building stage lavas which make up 80% of the volume of the edifice. 
Differentiated Series activity began when the focus of magmatism moved to Piton de 
la Fournaise, c. 350,000 years ago. The onset of differentiation to hawaiites, 
mugearites, benmoreites and trachytes is attributed to the accompanying diminution 
in magma supply rate at this time. Climactic, explosive eruptions mark the base of 
Phase IV, which consists of a series of pyroclastic, intrusive and effusive deposits. 
Phase IV magmas were generated from a Piton des Neiges parent by fractional 
crystallisation of varying proportions of feldspar, clinopyroxene, olivine, FeTi 
oxides, apatite and amphibole. Alternative models, whereby silica-undersaturated 
Phase IV magmas were generated by lower-degree partial melts in the same way as 
post-erosional stage volcanics from Hawaii, are rejected. A detailed geochemical and 
petrographic study of Phase IV products was undertaken to discriminate between 









During two field seasons (1990 and 1992) a total of 90 Phase IV localities (1-70 and 
100-120) were visited (Fig. 3.1). The field relationships of 6 principal pyroclastic 
formations (with associated lava-flows), 3 intrusive units and 2 late-stage lavas were 
investigated. The main aims of this study were to ascertain (i) lateral and vertical 
relationships between erupted Phase IV products; (ii) the relationships between 
eruptive episodes and volcano-structural events such as caldera collapse; (iii) 
eruptive mechanisms and (iv) the role of intrusive episodes. 
A total of 208 samples were taken for petrographic, mineralogical, major-element 
and trace-element analysis, of which 56 were coarse-grained xenoliths from Phase IV 
pyroclastic deposits; 14 were from Phase IV lavas; at least 5 were accidental 
xenoliths; 5 were from intrusive units; and the remainder were either samples of 
welded ignimbrites or juvenile pumices from unwelded deposits. Additional samples 
were obtained from the collection of B.G.J. Upton at Edinburgh University (RE 
samples), or were collected by G. Kieffer and P-Y Gillot during 1991. Samples 
from each site are listed in Appendix A. Laboratory work was undertaken to identify 
geochemical and petrographic heterogeneity within pyroclastic formations, and to 
compare the geochemical and petrographic characteristics of the pyroclastic units and 
lavas. Pyroclastic units were sampled at regular vertical intervals to investigate 
vertical heterogeneity; each stratigraphic level was sampled several times to 
investigate lateral heterogeneity. Juvenile pumice/fiamme containing fresh glass, and 
aphyric, holocrystalline juvenile pumices/fiamme were assumed to represent the 
erupted liquid composition. Where these were unavailable, porphyritic pumice 
provided the approximate magma composition. Cumulate xenoliths were assumed to 
represent the crystalline residue from fractionation. 
There were three main obstacles to achieving the above objectives: inaccessibility, 
lack of exposure and weathering. The thickest exposures of the Salazie, Dalle 
Soudée and St Pierre Formations are in the near-vertical upper walls of canyons and 
cirques. The major volume of unwelded pyroclastic material (St Louis, St Pierre, St 
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Fig. 3.1: Map of Reunion showing lateral extent of Phase IV units and approximate location of main samping sites. See Appendix A for descriptions of samples 
obtained at each locality. Vent locations: A: Dalle Soudee Formation; B: Salazie Formation C: southern and eastern flank deposits. 
Gilles and St Suzanne ,Formations; upper sequence of Dalle Soudée Formation flows) 
was deposited on the densely forested or cultivated lower flanks of the volcano, 
leading to problems with exposure. The best sections of unwelded pyroclastic 
deposits are in distal quarries and road cuts close to the coast. Frequently the lower 
and upper margins are not exposed. Extensive sugar-cane cultivation make units 
difficult to trace laterally. Relative ages are therefore poorly constrained, and vent 
locations can only be estimated. Finally, unwelded pumiceous deposits are 
extremely susceptible to weathering in a hot, humid climate. Only one unwelded 
ignimbrite (St Louis) contained fresh glass; others contained altered pumice which 
has suffered post-depositional alkali loss (see Chapter 6). 
The principles by which field characteristics of pyroclastic deposits are interpreted 
are discussed in Section 3.2. This discussion is followed by field descriptions of: the 
main pyroclastic formations in their presumed chronostratigraphic sequence; late-
stage summital lava-flows; and the main intrusive units sampled (Sections 3.3-3.5). 
Each description is accompanied in turn by a discussion of the interpretations of 
these data. A synthesis of the chronostratigraphic sequence is presented in Section 
3.6. 
3.2. The Interpretation of field characteristics of nyroclastic deposits. 
Pyroclastic units are classed as pyroclastic fall, flow (ignimbrite) or surge deposits 
according to field relationships, grain size, sorting, and textural characteristics (Fig. 
3.2: see Fisher and Schmincke, 1984; and Cas and Wright, 1987 for a summary of 
the field interpretation of pyroclastic rocks). 
Pyroclastic fall deposits are produced by the passive sedimentation of erupted 
particles from the atmosphere. They are well sorted and laterally continuous, with 
parallel beds draped over gentle topography. Fall-out deposits can be generated by 
two main mechanisms:- 
a. Plume-derived fall-out deposits. These may be classified into Hawaiian, 
Strombolian, Sub-Plinian, Plinian, Ultra-Plinian, Vulcanian, Phreatoplinian and 
Surtseyan on the basis of parameters defining the area of dispersal and the degree 
of fragmentation of tephra (G.P.L. Walker, 1973). This method of analysis is 
impractical in view of the limited exposure of Phase IV fall-out deposits. 
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b. Co-ignimbrite ash-fall deposits are generated by sedimentation from ash 
clouds accompanying pyroclastic flows, and are found overlying ignimbrites. The 
fine-grained material lost to the ash cloud accounts for the relatively high crystal 
concentration in the matrices of ignimbrites (Sparks and Walker, 1977). 
Fall-out deposits may be welded (Cas and Wright, 1987). They are distinguished 
from welded ignimbrites by the following characteristics: deposition on very steep 
slopes (>200,  at which angle pyroclastic flows have too much kinetic energy to come 
to rest); lateral grading into unwelded deposits with fall-out grain-size characteristics; 
strong, internal, horizontal lamination; and mantling of topography. The latter 
characteristic may be obscured by post-depositional rheomorphic flow. 
A. FALL 
-Mantles topography 





ftii D - 
-Ponds in valleys 
-Very poorly sorted 
-Frequently massive or 
with graded beds 
and/or gas segregation 
structures 
C. SURGE 
-Partially mantles topography 
-Intermediate sorting 
-Unidirectional flow structures 
(e.g. dune bedforms, 
laminations) 
Fig. 3.2: Schematic diagram summarising the field characteristics of pyroclastic deposits. Fall 
deposits are sedimented from suspended clouds of ash; flow deposits are sedimented from fluidised 
density currents with high particle-concentration; surge deposits are sedimented from very turbulent, 
high-velocity flows with low particle-concentration. 
Pyroclastic flow deposits or ignimbrites are defined as those produced by 
sedimentation from a fluidised, high particle-concentration flow; fine ash and gas 
provide the lubricant required for fluidisation. Resulting deposits are readily 
distinguished from distal fall-out deposits: they are massive, very poorly sorted, do 
not mantle topography and are unlaminated (although they may show subtle grading, 
alignment bedding or imbrication). The proximal facies of an ignimbrite (e.g. 
Acatlan, Mexico; Wright and Walker, 1977) takes the form of a coarse-grained, 
lithic-rich co-ignimbrite lag-fall breccia deposit. 
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Ignimbrites can be divided into two distinct categories on the basis of their aspect 
ratio, AR' (Walker et al., 1980; Walker, 1983). High Aspect Ratio Ignimbrites 
(H.A.R.I.) respond passively to topography, and may pond to great thicknesses in 
valleys whilst being absent on topographic highs (e.g. Valley of Ten Thousand 
Smokes eruption, 1912). Low Aspect Ratio Ignimbrites (L.A.R.I.) are produced by 
very violent, high-velocity eruptions. They surmount topography, leaving an 
ignimbrite veneer deposit (IVD) on topographic highs, which may account for over 
half the total volume of the deposit (e.g. Taupo eruption, AD 186). 
Internal textural characteristics in ignimbrites (e.g. grain-size distribution) are 
governed by fluidisation parameters such as gas velocity and gas volume per unit 
thickness of the moving flow (C.J.N. Wilson, 1980). Pyroclastic flow deposits are 
divided into three main types, depending on the degree of expansion of the fluidised 
flow (Fig. 3.3). 
Type 1 flows are virtually unexpanded; they produce ignimbrites, containing no 
evidence for gravitational settling, which may show surface, morphological features 
(e.g. longitudinal and transverse ridges, block trains, levees and channels). The flows 
travel en masse as laminar plugs, and may come to rest on high angle slopes due to 
their high yield strength (Cas and Wright, 1987). 
Type 2 flows are partly expanded, producing deposits containing evidence for 
gravitational settling (normal or reverse coarse-tail grading, lithic segregation layers). 
Type 3 flows are those in which the gas flow is partly concentrated into discrete 
channels. Coarse and dense material is deposited in semi-vertical gas segregation 
pipes. As flow velocity increases even further, vertical structures are disrupted; 
coarse material accumulates in pods at the bottom and top of the unit. The resultant 
deposits are very strongly coarse-tail graded and fines-depleted. 
1 AR=[average thickness]/[horizontal dimension]. The horizontal dimension is usually defined as the 
diameter of a circle whose area equals the surface area of the ignimbrite 
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transverse ridges, block 
trains, levees, channels). 
B. Type 2 
-Evidence for gravitational settling (lithic 
segregation layers, coarse-tail grading). 
C. Type 3 
-Very strong coarse-tail 
grading 
-gas segregation 
structures (pipes, lenses, 
pods). 
INCREASING FLOW VELOCITY 
Fig. 3.3: Classification of igmmbrites according to flow type (after C.J.N. Wilson, 1980). Type I 
ignimbrites are derived from non-fluidised, partially expanded flows, enabling gravitational settling to 
take place. This will take the form of normal or reverse coarse-tail grading depending on the relative 
densities of the clasts and the particle-gas mixture. Type 3 ignimbrites are derived from flows in 
which the gas has become channelised into segregation structures. 
Pyroclastic surge deposits are produced by sedimentation from a turbulent, highly 
expanded, low particle-concentration flow; in effect, they are a specific type of 
pyroclastic flow. However, the term "pyroclastic flow" is traditionally accepted to 
represent high particle-concentration flows only. Pyroclastic surge deposits are 
thinner than ignimbrites, and have better sorting. They typically contain 
unidirectional sedimentary structures, such as dune or laminar bedforms, or chute and 
pool structures; show sorting characteristics intermediate between pyroclastic fall and 
flow units; and are strongly fines-depleted (Sparks, 1976; Self, 1976). 
High velocity surge deposits superficially resemble L.A.R.I. deposits, and the two 
may be difficult to distinguish (e.g. see G.P.L. Walker and McBroome, 1983; G.P.L. 
Walker, 1983). Pyroclastic surges follow topographic lows but can climb significant 
topographic highs to leave a thin veneer of ash. They may be distinguished by the 
fact that fines loss from surges is inherent; the highly turbulent, expanded nature of 
the flow enables elutriation of the fine fraction to occur. This is not true of 
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ignimbrite-forming flows, which rely on the presence of a significant fine fraction for 
fluidisation (G.P.L. Walker, 1983). 
Pyroclastic surges may be divided into three main types on the basis of the source of 
kinetic energy for surge initiation. Base surges are most commonly generated by 
phreatomagmatic explosions when magma comes into contact with water (Moore, 
1967), creating a ground-hugging, radially-expanding cloud of ash and fluid. They 
do not commonly exceed Im in thickness or travel further than 10km from the vent. 
They typically consist of several, very thin, interbedded layers. Ash-cloud surges 
form from the trailing material billowing above and behind a pyroclastic flow, 
producing a deposit which overlies the ignimbrite. Ground surges are produced by 
the highly expanded head of a pyroclastic flow. Turbulence is exacerbated by the 
volatilisation of vegetation and of meteoric water encountered by the flow. The 
resultant deposit forms a layer immediately underneath the basal facies of the 
accompanying ignimbrite, which also controls their lateral distribution. 
3.3 Phase IV Pyroclastic Deposits and Associated Lavas 
3.3.1: Introduction. 
Phase IV pyroclastic deposits and associated lavas are discussed in approximate 
chronological order: the St Suzanne Formation is therefore described first, followed 
by the Salazie Formation, St Gilles Formation, St Pierre Formation, St Louis 
Formation, and finally the Dalle Soudée Formation. 
3.3.2 Stratigraphy of the St Suzanne Formation 
A sequence of pyroclastic units exposed near St Suzanne on the north coast 
composes the St Suzanne Formation. Two locations (Fig. 3.1) were visited; on the 
coast near Ia Ravine des Chèvres (site 30) and in a new road cut 200m inland (site 
115). This formation has also been reported as far inland as La Renaissance (Kieffer 
pers. commun., 1990; Lecointre, 1992). Th-U disequilibrium dating of the overlying 
lava-flow gave a minimum age of 220,000 years, making it the oldest identified 
Phase IV deposit (Deniel et al., 1992). There is no present-day evidence for the 

















Cross-bedded, unwelded, lithic- 
pyroclastic surge deposit 
E ::::::: Fluviatile conglomerates and ::::::::: mud-flow deposits 
El Columnar jointed lava flows 
Site 115 (new road section, 
Ravine des Chevres) 
Fig. 3.4: Stratigraphy of the St Suzanne Formation. See text for description. Data from: 
current study. Grain size parameters as indicated at the top of each column. 
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Fig 3.4 summarises the stratigraphy of the St Suzanne Formation, which rests 
unconformably on a coarse epiclastic breccia (S m). Its base consists of a c. 10cm 
thick, cross-bedded, well-sorted deposit comprising >40% accidental angular 
lithics. It is overlain by poorly-sorted ignimbrite flow-unit S 2 which has a maximum 
thickness of ~!6m, and contains ash- to block-sized clasts of: rounded, light grey, 
friable, aphyric pumice (40%); and lithics (10%); in an ashy matrix (50%) with 
decimetre-scale layering. The uppermost part of the sequence (S 3 ) is composed of a 
c. 0.3m thick, poorly-sorted, coarse-tail normally-graded ignimbrite with lapilli- to 
block-sized pumice clasts (40%) in an ashy matrix (60%). It is unconformably 
overlain by a lava-flow (SLy  Plate 3.1), with an intervening coarse, fluvial 
conglomerate (S c) in places, representing a time lapse between the two eruptive 
episodes. One pumice and two xenolith samples were taken from S2,  and three from 
SL. 
3.3.3. Interpretation of the St Suzanne Formation 
Unit S I  displays cross-bedding, good sorting, abundant lithics, and fines depletion, 
indicating deposition from a pyroclastic surge. It underlies an ignimbrite and is 
therefore interpreted as a ground-surge deposit. S2  is much more poorly sorted and 
contains <10% lithics. In the absence of evidence for gravitational settling during 
flow, it is interpreted as a Type 1 flow. Unit S 3 is a Type 2 flow deposit; coarse-tail 
normal grading indicates that pumice density exceeded that of the particle-gas 
mixture. 
3.3.4 Stratigraphy of the Salazie Formation. 
The Salazie Formation consists of a sequence of welded, columnar-jointed 
ignimbrites, filling an ancient river gorge at the entrance of Salazie Cirque (Upton & 
Wadsworth, 1972a; Rocher, 1988). It has an estimated minimum erupted volume of 
4-5 km3  (Kieffer, 1990) and a maximum present-day thickness of 150m. It consists of 
a lower (Sal l-3) and upper (Sal 4) flow-unit (Fig 3.5), and is thought to have been 
derived from a vent in the vicinity of Piton D'Enchain (Fig. 3. IB), where the 
proximal facies of the lower flow-unit is observed (units A1, A2, B and C of Rocher, 
1988; Rocher & Westercamp, 1989). 
K-Ar dating of anorthoclase phenocrysts from the lower flow-unit (Gillot and 
Nativel, 1982), gave an age of 188,000 ± 25,000 years. This date has been disputed 
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Fig 3.5: Stratigraphy of the Salazie formation. (1) Proximal location (site 34), within 
0.2km of vent. (2) Distal location (site 37) 4-5km from vent. Data from: Rocher, 1988; 
Rocher, 1990; this study). See text for description. Note that unit Sa1 3 is more compacted 
away from the vent i.e. where it is overlain by SaJ 
; this suggests that the upper unit was 
emplaced while Sal3 was still hot and compressible. 
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(Rocher, 1988); it is suggested that the abundant, anorthoclase phenocrysts (>20% of 
whole rock by volume) were inherited from a theoretical, Phase III lava. However, 
this is considered unlikely; major-element analyses of fiamme show that they are 
derived from a porphyritic quartz trachyte magma, in which anorthoclase is a likely 
phenocryst phase (See Chapter 7). Furthermore, the temperature of such a magma 
would have been insufficient to assimilate a large volume of pre-existing solid 
material. The K-Ar date is therefore accepted. 
Proximal facies of lower flow-unit:- 
The base of the proximal facies (Sal 1 ) consists of a coarse breccia 8-1Om thick. This 
underlies Sal2  , a more massive, laterally discontinuous breccia with a maximum 
thickness of lOOm, containing angular blocks up to lm in diameter (Rocher, 1988). 
The overlying flow-unit (Sal 3 ) is a welded, columnar-jointed ignimbrite containing: 
black, glassy fiamme; purple or grey-green, devitrified fiamme ; lithics (10-20%); a 
fine-grained ashy matrix (30%); and >20% phenocrysts (<5mm diameter). Fiamme 
may be subspherical or flattened with a length: breadth: height ratio of up to 5:2:1, 
and with a long dimension of 1-50cm (50%). 
The proximal facies was sampled from fallen blocks in Rivière des Fleures Jaunes, 
downstream of the Piton d' Enchain vent area (sites 33-35 and 118-119, Fig 3.1). 
Coexisting fiamme of different colours were interpreted as evidence for magma 
mixing (Fig. 3.7). Individual fiamme were large enough to extract in the field. One 
purple, four green, and two glassy fiamme were therefore sampled, as well as eight 
coarse-grained xenoliths. 
Distal facies of lower flow-unit:- 
The distal facies (sampled 5-7 km from the supposed vent, at sites 32 and 39-41) of 
Sa13 contains green, black, brown and purple fiamme in various stages of 
devitrification (50%) and lithics (10-20%) in a fine-grained ashy matrix (30%) with 
>20% phenocrysts (<3mm in diameter). Precipitous terrain prevented horizontal or 
vertical variations in fiamrne colour from being mapped. Fiamme are smaller than in 
the proximal facies (<5cm in diameter), and more compacted, with long axes up to 
ten times the length of the shortest axis. They were separated in the laboratory. 
Seven samples were taken from the distal facies, augmented by sample RE364 from 
the collection of B.G.J. Upton. 
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Upper flow-unit:- 
The upper flow-unit (Sal 4), absent from the vent area, forms a c. 70m thick cap to the 
distal facies of Sal 3 . It has been identified in boreholes from the adjacent Takamaka 
valley (Deniel et al., 1992). It consists of a very densely welded, lava-like, 
brecciated, columnar-jointed ignimbrite, containing compact, devitrified, dark grey, 
massive juvenile material (80%), lithics (20%) and <5% phenocrysts. A vertical 
traverse was taken above Hell-Bourg where a path ascends the cliff to Plateau de 
Béllouve-Bébour (sites 37a-c). Samples were also taken on the south side of Rivière 
du Mat canyon (sites 42, 43). Ten samples were taken from this flow-unit; three 
contained coarse-grained xenoliths. Sal 4 is overlain by a well-sorted, laminated, sub-
aerial fall-out deposit Sa1 5 (Rocher, 1988). 
3.3.5: Interpretation of the field characteristics of the Salazie Formation. 
1. Lower flow-unit. Sal 1 and Sal 2 are interpreted as co-ignimbrite lag-fall breccias; 
they are absent from distal locations. Sa1 3 is a high aspect-ratio ignimbrite, ponding 
in an ancient canyon, and absent on topographic highs. Coexisting fiamme of 
different colours in Sa1 3 , and streaky fiamme, indicate the simultaneous eruption of 
more than one magma composition. There is strong evidence to suggest that magma-
mixing is one mechanism for initiating explosive eruptions (Sparks et al., 1977), and 
it has been invoked as the trigger for the eruption of this unit (Kieffer, 1990). 
Welding of ignimbrites is caused by compaction and sintering of hot pumice; the 
degree of welding is controlled (i) by the volume and density of the overburden and 
(ii) by the viscosity of erupted pumice (Cas and Wright, 1987). It is favoured where 
there is a low gas volume and eruption column height (i.e. in regimes which inhibit 
syn-eruptive cooling of the magma); this is therefore thought to be the case for the 
Salazie Formation. 
In the absence of rheomorphic flow, welding produces fiamme which are flattened 
but not elongated. Sa1 3 fiamme are both flattened and elongated, implying that the 
unit underwent post-depositional rheomorphic flow. Fianime and phenocryst size 
decrease away from the vent; this may be attributed to syn-eruptive clast attrition. 
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It has been suggested that there was a significant time gap between emplacement of 
Sa1 3 and Sal4 (Deniel et al., 1992). However, the degree of welding/compaction of 
Sa1 3 (Lower flow-unit) is highest in the distal facies, where it is overlain by Sa1 4 
(Upper flow-unit). This suggests that the upper flow unit was emplaced while Sa1 3 
was still hot and compressible. 
2. Upper flow-unit. Sal 4 is more densely welded than Sa1 3 . It is probable that the 
former was therefore deposited at a higher temperature. Sa1 5 is interpreted as a co-
ignimbrite ash-fall deposit. 
3.3.6: Stratigraphy of the St Gilles Formation. 
Fig. 3.6 summarises the stratigraphy of the St Gilles Formation. A 4m thick, 
laterally extensive pyroclastic sequence is exposed over an area around Ravine de St 
Gilles from St Gilles-les-Hauts (in the east) to the open-air theatre above St Gilles-
les-Bains (in the west). It was sampled at site 14 ("Les Trois Roches") where it 
unconformably overlies Phase H mud-flow breccias (Gm), and consists of three main 
units, Gf, G 1 and G2. Infra-red spectroscopy performed on a piece of charcoal from 
the paleosol between Gm  and Gf indicated depositional temperatures of 350 to 400°C 
(Nativel, 1973). Twenty-one samples of juvenile pumice and two coarse-grained 
xenoliths were extracted from units G f to G2 . 
Most authors consider the St Gilles Formation and the St Pierre Formation to be 
products of the same eruptive episode (Kieffer, 1990; Lecointre, 1992; Deniel et al., 
1992). However, significant differences between the trace-element characteristics of 
St Gilles and St Pierre pumices have been identified during the course of this study 
(Chapter 6). These differences cannot be understood in terms of post-magmatic 
processes, implying that the two formations were derived from different eruptive 
episodes. Therefore the 230Th-238U age of 155,000+75,000/-44,000 years (Deniel et 
al., 1992), derived from the St Pierre Formation, may not be applicable to the St 
Gilles Formation. 
Gf (equivalent to unit RA of Lecointre, 1992, total thickness c. 70cm - Plate 3.2) is 
composed of fine-grained, poorly-sorted, occasionally cross-bedded, surge deposits 
(GfA, GC); with rounded, subspherical pumice (<30%), ashy matrix (>30%), and 
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Fig 3.6: Stratigraphy of the St Gilles Formation at site 14 ("Les Trois Roches"). Data 
from: Native!, 1977; This study. See text for description. Grain size parameters as indicated 
at the top of the column. 
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sorted, lapilli deposit (G fB) containing rounded pumice particles (>95%), and angular 
lithics. 
G 1 and G7 are thin (<im), coarse-tail reverse-graded, fines-depleted (<20% ash), 
unwelded ignimbrite flow-units with well defined, basal lithic segregation zones. G, 
with a total maximum thickness of c. 1-1.5m, contains rounded, subspherical, 
aphyric, dark grey-green and devitrified pumices. At its base it has c. 20% lithics 
and a maximum clast size of <3cm; this grades upwards to <5% lithics and >30cm 
maximum clast size. G2 is at least 1.2m thick, containing lapilli-sized, dark grey or 
brown pumices (70%); lithics (c. 10%) and matrix ash (c. 20%). Maximum pumice 
diameter is 3cm at the base and c. 15cm towards the upper part of the exposure. The 
top of G2 is not exposed and is presumed to have been eroded. 
3.3.7. Interpretation of the St Gilles Formation 
Gf is interpreted as an ignimbrite ground-layer containing both massive (G fB) and 
laminated (GfA, GfC) components. The absence of internal structure, and the good 
sorting of GfB, suggest it is an air-fall unit (Lecointre, 1992). G 1 and 02  are thin 
ignimbrites deposited from Type 2 flows. It is possible, therefore, that the St Gilles 
Formation was derived from a Plinian eruption column, fall-out from which 
produced GfB. Repeated column collapse produced the surge (GfA, GfC) and flow 
(G 1 , G2 ) deposits. 
3.3.8. Stratigraphy of the St Pierre Formation 
The St Pierre Formation is a laterally widespread, unwelded deposit, exposed on the 
southern and eastern flanks of the volcano (Fig. 3.1). It consists of up to nine 
interbedded flow and surge units (Fig. 3.7). These have been divided into four main 
horizons: P0. P 1  Pa and P2 (equivalent to units NSV1, NSV2, INTER and NSV3 of 
Lecointre, 1992, respectively), with no evidence for a significant time-gap between 
them. A minimum age has been estimated at 155,000 (+75,000/-44,000) years 2 . Its 
minimum total volume is c. 0.2km 3 , estimated from the mapped area of exposure. 
The erupted volume was probably much greater: the base of the deposit is not 
exposed where it is at its thickest; there is a high erosion rate on the island; and the 
extent to which the flows continued into the sea is unknown (Phillippot, 1984). The 
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St Pierre Formation was investigated and sampled at 0.2-2m vertical intervals at 
three main localities (Fig. 3.7): site 113 (quarry south of Maison Rouge); site 111 
(Les Avirons); and site 114 (St Pierre area north of the RN  road). Site 113 provided 
the most comprehensive stratigraphic section (Plate 3.3). Forty-six samples of 
juvenile pumice and twenty-two xenoliths were taken from the St Pierre Formation. 
P0 consists (from base to top) of: (i) a thin, coarsely stratified, normally-graded 
ignimbrite, with a well-defined, upper lithic segregation layer (>25% lithics); (ii) a 
fine-grained, laminated, laterally-discontinuous ground-surge deposit containing 
accretionary lapilli; and (iii) an ungraded, pumiceous lapilli-flow deposit (10% 
lithics, 40% matrix, 50% pumice), with maximum clast size 10cm. 
P 1 consists (from base to top) of: (i) a c. 15cm poorly-sorted, cross-bedded, 
unwelded, lithic-rich surge deposit with accretionary lapilli; and (ii) a coarse-tail 
reverse-graded, poorly-sorted, fines-depleted (<30% ash) ignimbrite up to 15m thick, 
with a well-defined, basal lithic segregation layer. It reaches its maximum thickness 
along an axis parallel to the current position of the St Etienne river. 
P 1 a consists (i) a 2-5cm fine-grained, laterally discontinuous, internally, laminated 
pyroclastic surge deposit, containing accretionary lapilli; and (ii) a thin (<20cm), 
locally absent (e.g. at St Leu) coarse-tail reverse-graded pyroclastic flow unit, with a 
well-defined, basal lithic segregation layer. 
'2 consists (from base to top) of: (i) a thin (2cm), well-sorted, continuous, 
topography-mantling, basal ash deposit, containing accretionary lapilli (Plate 3.4); 
and (ii) an indurated, coarse-tail reverse-graded, Type II pyroclastic flow-unit, with a 
well-defined, basal lithic segregation layer. The lithic segregation layer contains up 
to 25% accidental lithics. 
3.3.9. Interpretation of the St Pierre Formation. 
The St Pierre Formation consists of at least four discrete ignimbrite packages, each 
with accompanying ground-surge deposit. Each of these displays internal structure 
consistent with deposition during discrete eruptive spasms. P 1 , Pa and P2 all show 
evidence for gravitational sorting 3 , and were therefore deposited from Type 2 
pyroclastic flows. Upper P 0 displays no such evidence and may have been deposited 
3 1ithic segregation zones, coarse-tail grading 
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from a Type 1, unexpanded pyroclastic flow. P 0. P 1 . P 1 a and P, all have well-defined 
ground layers. Ground layers contain unidirectional bedforms and accretionary 
lapilli. The ground layers of P 0 and P 1 are only exposed at site 113; either (a) they 
are completely buried elsewhere or (b) they are laterally discontinuous. Ground 
surges may have been augmented by local phreatic explosions at the flow head 
during deposition, accounting for lateral discontinuity. 
P 1 is a high aspect-ratio ignimbrite, ponded along a paleovalley parallel to the current 
position of the St Etienne river valley. The position of this depositional axis is 
consistent with eruption from a suggested vent at the head of Bras Rouge river (Vent 
C, Fig. 3. 1), identified by the convergence of dyke and sill swarms (Stieltjes, 1981; 
Lecointre, 1992). 
The presence of accretionary lapilli in the ground layers of the St Pierre Formation, 
and widespread exposure of "cauliflower" pumices ("quenched bombs"), have been 
cited as evidence for phreatomagmatic input to the eruption. This may have taken 
the form of a caldera-filling crater lake (Kieffer, 1990), local phreatic explosions, or 
meteorological phenomena. 
Fig. 3.8 shows the field relationships at site 113. In the north side of the quarry face 
there is evidence for a cross-cutting relationship between P 2 and P 1 a. Either there 
was a time gap between deposition of these units, or the P 2 flow eroded underlying 
material. In the absence of a paleosol or evidence elsewhere for a time gap between 
the eruption of P 1 a and P21  the latter explanation is preferred. 
3.3. 10 Stratigraphv of the St Louis Formation 
The St Louis Formation is a single, small-volume, unwelded ignimbrite 6-8m thick, 
exposed on the southern flank of Piton des Neiges 500m north-west of St Louis. It is 
equivalent to NSV4 of Lecointre (1992), and has an estimated minimum erupted 
volume of 0.008 km3 . It displays no evidence for internal stratification, and consists 
of lapilli- to block-sized pumices up to 75cm in diameter (>60%) and angular lithics 
(<10%) in an ashy matrix (35%). Gas segregation pipes are observed towards the top 
of the exposure (Plate 3.5A). 
Juvenile fragments have been divided into three types on the basis of their 
appearance in hand specimen. Black, devitrified mugearites (BDM) are blocks 0.1 
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Fig. 3.8: Sketch illustrating St Pierre Formation field relations. Maison Rouge Quarry (site 113). Maximum thickness of exposure 5m. The St Pierre 
Formation consists of a series of valley-ponded ignimbrites with cross-bedded or laminar ground layers containing accretionary lapilli. Layers within unit 
Pla are truncated to the north by P2. Pla pinches out to the south. A conglomerate-bearing channel structure dissects P2. 
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to 20cm in diameter with <5% vesicles and <5% phenocrysts. Glassy, black 
benmoreite/quartz-trachyte (GBQ) pumices are fresh, with <20% vesicles and 
<5% phenocrysts. Green-grey quartz trachyte (GGQ) pumices contain <5% 
vesicles and c. 20% feldspar and pyroxene phenocrysts. 
GGQ pumice constitutes <5% of the volume of the deposit. No systematic, vertical 
variation in the proportions of the different types of pumice was observed, although 
Lecointre (1992) reported a modal increase in grey-green pumice towards the base of 
the deposit. GGQ material frequently appears as blobs and streaks within BDM or 
GBQ pumices (Plate 3.5B). Upton and Wadsworth (1972a) and Native! (1978) noted 
a similarly heterogeneous unwelded ignimbrite sequence between St Pierre and 
Entre-Deux. 
Twenty-seven sets of juvenile pumice from different stratigraphic levels within the 
deposit, and three coarse-grained xenoliths, were extracted to test for vertical 
compositional variations within the unit. Each of these sets consisted of four to five 
horizontally equivalent pumice blocks, to test for lateral compositional variations. 
3.3.11 Interpretation of the St Louis Formation. 
A large proportion (c. 30%) of juvenile pumice blocks displayed evidence for 
quenching (e.g. "cauliflower" external texture), implying some phreatomagmatic 
contribution to the eruption. If this is the case, meteoric water may have provided the 
gas source for segregation pipes (L. Wilson et al., 1980). The existence of the latter 
suggests that the St Louis Formation sedimented from a Type 3 pyroclastic flow. 
Type 3 flows are dominated by buoyancy-induced grading, and typically display 
sharply delineated pumice and lithic concentration zones at the upper and lower 
margins respectively. However, these have not been observed in the St Louis 
Formation as the upper margin has been eroded away and the lower margin is not 
exposed. 
Determination of the relative age of the St Louis Formation is hampered by the lack 
of direct field evidence. However, the existence of fresh glass in GBQ pumices, and 
its absence in pumices of similar composition from the nearby St Pierre Formation, 
testifies to its relative youthfulness. 
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The co-existence of pumices with different colours, phenocryst contents and 
vesicularity in the St Louis ignimbrite is interpreted as evidence that at least three 
magmas of contrasted compositions co-existed in a compositionally-zoned pre-
eruptive magma-chamber. The appearance of the green-grey material as streaks and 
blobs in the black, glassy pumice supports this hypothesis. 
3.3.12 Stratigraphy of the Dalle Soudée Formation 
The Dalle Soudde ("welded slab") Formation consists of a series of pyroclastic units 
DS, to DS41  with an intervening lava, DS 2L (Fig. 3.9). It is exposed over a total 
surface area of c. 12km 2 (Kieffer, 1990) on the upper flanks of Piton des Neiges 
around Cirque de Mafate, in the north around La Roche Ecrite, and to the west in the 
Piton Maldo area (sites 1-9, 15-17, 19-21). Best exposures are on the upper margins 
of the semi-vertical 2000m cliffs bordering the cirque, and are described by the 
mountaineer Christian Germanaz (Kieffer, 1990, Kieffer et at., 1993). DS, and DS, 
have been correlated with units G 1 and G2 of the St Gilles Formation, and with units 
P 1 and P2 of the St Pierre Formation (Kieffer, 1990, Kieffer et al., 1993), although 
there is no direct field evidence that they are stratigraphically equivalent. 
Geochemical analysis of pumice samples was undertaken to clarify this relationship. 
DS 1 ("pumiceous horizon" of Kieffer, 1990) is a c. 12m thick collection of pumiceous 
layers, of which the most important are identified as ignimbrites. Small, weathered 
exposures on the western flank (site 21) reveal a poorly sorted ignimbrite (minimum 
5m thick) containing dark grey, aphyric pumice, with a 230Th/238U age of 124,000 
+12,0001-11,000 years (Deniel et al., 1992). DS 21  separated from DS  by a paleosol, 
is a coarse-tail normally-graded ignimbrite 2-4m thick. It contains black, aphyric, 
vesicular, devitrified, "quenched bomb" pumice (maximum diameter 10cm at the 
base and 5cm at the top). Close to Piton MaYdo summit the upper 2m of DS 2 are 
welded ("fiamme bearing facies" of Kieffer, 1990). 
DS2L is a C; lOm thick, aphyric, aa lava-flow containing textural evidence for magma 
mixing (Kieffer, 1990). It overlies DS 2 towards the Maido summit and pinches out 
down slope. It displays prominent radial ridges up to 12m in height. Two samples 
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Fig. 3.9: Simplified stratigraphy of the Dalle Soudêe Formation (data from: current study; Kieffer, 1990; Lecointre, 1992). See text for 
description. Grain-size parameters not plotted due to the difficulty in assessing average clast size in heterogenous, welded units. 
DS 3 ("Dalle Soudée" or welded slab s. str. of Kieffer, 1990; Lecointre, 1992) is a c. 
im thick, poorly sorted, welded, brecciated deposit containing blocks of juvenile 
material (60%) up to 0.5m in diameter (vesicles <10%) and lithics (10%), in a 
devitrified, heterogeneous matrix (30%). It is very thin (<10cm) or absent on 
topographic highs and ponded in gullies. Lithics are frequently observed to be 
enclosed within juvenile material (Plate 3.6A). Pumices and blocks are most 
commonly rounded, but may be attenuated or scoriaceous. 
DS4 is a small-volume (<0.002km 3), valley-ponded pyroclastic deposit containing 
blocks of yellow-white weathered trachyte (50%), and lithics (30%) up to 30cm in 
diameter, in an ashy matrix (20%) containing charcoal (Plate 3.613). Trachyte blocks 
contain c. 20% phenocrysts of amphibole + feldspar. DS 4 fills gullies eroded into the 
underlying units, from which it is separated by a paleosol (Plate 3.6C). 
0 
3.3.13: Interpretation of the Dalle Soudée Formation 
The Dalle Soudée Formation consists of a series of pyroclastic deposits and lavas. 
Erosional episodes separated DS, from DS 2-DS3 , and DS2-DS 3 from DS4. DS, is 
interpreted as the product of a Type 2 pyroclastic flow. 
DS 2 is coarse-tail normally graded and is surmised to have been deposited from a 
Type 2 flow in which the pumices were more dense than the matrix. Towards the 
Piton Maido summit, where it is overlain by DS 2L and DS 31  the upper part becomes 
more strongly welded. Widening of the vent during eruption or a decrease in gas 
content may cause an upwards increase in the degree of welding in a unit produced 
by Plinian column collapse (Cas and Wright, 1987). Decreased gas content reduces 
the cooling rate during eruption, enabling pumices to remain hot and therefore less 
viscous during deposition; an increase in vent radius diminishes the height of the 
eruption column, thereby decreasing the pre-deposition pumice cooling time. It is 
proposed: (a) that Plinian column collapse was responsible for producing DS 2 and (b) 
DS 2 pumices had insufficient time to cool before the eruption of DS 2L and/or DS 3 . 
There was only sufficient overburden for welding to occur where DS 2 was overlain 
by the latter deposits. The existence of quenched bombs in DS 2 has been cited as 
evidence for some phreatomagmatic influence during its eruption (Kieffer, 1990; 
Kieffer et al., 1993). 
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The origin of welded unit DS 3 is less clear. Its high angle of rest (>100  in places) 
suggests an origin by either sedimentation from a hot, Type I flow or by fall-out 
from a low-altitude Plinian eruption column. Fall-out pumices may agglutinate 4 to 
form a welded air-fall deposit. Agglutination differs from the welding process 
observed in pyroclastic flow deposits, where sintering is thought to be a post-
depositional feature related to the overburden (Cas and Wright, 1987 and references 
therein). Several arguments suggest that agglutination was responsible for DS 1 
textures: - 
It is only c. im thick and therefore the internal overburden is minimal 
It is the uppermost unit exposed on the north and west flanks over the 
majority of its surface area (i.e. there is no external overburden) 
Pumices are not flattened parallel to the upper or lower margins 
However, it displays no other characteristics diagnostic of welded fall-out deposits. 
It contains no internal laminations, is very poorly sorted, is not laterally widespread 
and does not grade into a distal, unwelded fall-out deposit. It is absent or locally thin 
on topographic highs. Valley ponding in welded fall-out deposits can be attributed to 
post-depositional rheomorphic flow; however, DS 3 displays no evidence for 
topography-parallel flattening of fiamme, which one would expect if this had taken 
place. 
DS 3 is exposed on the lip of Mafate Cirque. It is suggested that it is a proximal 
deposit, erupted from a vent, now eroded, that lay a few hundred metres to the east, 
and that it was sedimented from a pyroclastic flow originating by collapse of a 
Plinian eruption column. Pumices were hot and had relatively low viscosity, 
allowing them to agglutinate on impact. This is a mechanism similar to that 
proposed by Kieffer (1990) and Kieffer et al. (1993), who suggested that large 
pyroclasts were ejected to fall onto an already moving pyroclastic flow. 
DS4 is interpreted as a late-stage trachytic block-and-ash flow deposit from a nuée 
ardente, initiated by "boiling-over" or collapse of a lava dome. It has 230'fliJ238U, 14C 
and K-Ar ages of 20,000-30,000 years (Gillot and Nativel, 1982; Deniel et al., 1992), 
and is therefore one of the youngest Piton Des Neiges eruptives. It is associated with 
the extensive eastern flank effusives that filled the paleocirque of Béllouve-Bébour), 
4i.e. deform and sinter on impact 
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which have been given ages of between 12,000 and 34,000 years (Gillot & Nativel, 
1982; Deniel et al., 1992). 
3.4: Phase IV Late-Stage Summital Lavas 
Late-stage lavas were erupted from the summit region of the volcano and over the 
eastern flank. They predate the Plateau de Béllouve late-stage trachytic nuée ardente 
deposits, with depositional ages of between 60-70,000 and 30,000 years (McDougall, 
1971; Gillot and Nativel, 1982; Rocher, 1990; Deniel etal., 1992). They consist of a 
series of benmoreitic flows reaching a total thickness of c. 500m in the summital 
area. Five samples of these flows from the vicinity of Caverne Dufour were taken 
from the collection of B.G.J. Upton at Edinburgh University. 
3.5: Phase IV Intrusives 
The cirques and canyons of Piton des Neiges reveal numerous dyke and sill swarms 
(Plate 3.7A). The Differentiated Series is represented by fresh, unzeolitised 
examples, which cross-cut older lavas and intrusives. Differentiated Series intrusives 
can be divided into three main categories (Upton and Wadsworth, 1970). 
Widely distributed, basaltic to intermediate intrusives, which may contain 
internal compositional and petrographic variations (Upton and Wadsworth, 
1967; Rançon et al., 1988). Annular structures composed of these intrusions 
in the Salazie Cirque are thought to be related to a Phase III caldera collapse 
event (Rocher, 1988). 
Homogeneous, differentiated syenogabbros and microsyenites with a 
maximum thickness of c. lOOm. Annular structures composed of these 
intrusions beneath Grand Benard are thought to be related to a Phase IV 
caldera-collapse event (Plates 3.6B-C). 
Thin, intermediate composition dykes/sills cross-cut the syenites and may 
correlate with the late-stage summit lavas (Deniel, 1990). 
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Three main intrusions were sampled: 
The Pain de Sucre/La Chapelle microsyenite, Cilaos Cirque (sites 27-28), 
consisting of a c. lOOm thick, homogeneous, medium-grained (maximum 
grain size c. 3mm) intrusion (Plate 3.6C). 
Ac. 2m thick, dark grey, aphyric dyke with glassy, quenched margins (c. 1cm 
thick), cuting the La Chapelle syenite (collection of B.G.J. Upton). 
A syenite dyke c. 20m thick forming the near-vertical cliff-face above Col de 
Talbit (Plate 3.6B), thought to post-date a Phase IV caldera-col lapse structure 
(site 62). 
3.6: Summary of field relationships 	 * 
The stratigraphy of Phase IV effusive deposits is summarised in Fig. 3.10. 
Pyroclastic horizons are classified as fall, flow or surge deposits. Fall-out tephra are 
subdivided into (i) plume-derived or (ii) co-ignimbrite ash-fall deposits. Pyroclastic 
flow deposits are subdivided into: high aspect-ratio and low aspect-ratio ignimbrites; 
and (i) Type 1, (ii) Type 2, or (iii) Type 3. Pyroclastic surge units are classed as: (i) 
base-surge; (ii) ash-cloud-surge; or (iii) ground-surge deposits. 
Early Phase IV was characterised by widespread explosive activity, starting with the 
eruption of the St Suzanne Formation >220,000 years ago. The pyroclastic members 
of this formation, dominated by Type 2 pyroclastic flows, are thought to have been 
produced by a single eruption. An erosional time gap was then followed by the 
eruption of lava SL. The St Suzanne Formation has been correlated with Type 2 
pyroclastic-flow deposits at St Gilles and St Pierre; however, its older radiometric 
age precludes such a relationship. 
The Salazie Formation is significantly younger, with a radiometric age of 188,000 ± 
25,000 years. The eruption, from a vent in the Piton D'Enchain area, produced a 
welded high aspect-ratio ignimbrite consisting of two main flow units, Sa1 3 and Sal4 . 
Sa1 3 overlies co-ignimbrite lag-breccias Sal 1 and Sal2, and contains textural evidence 
for magma-mixing, especially marked in the proximal facies. The evacuation of 4-
5km3 of material during this eruption resulted in the formation of Caldera H. This 
caldera collapse episode was associated with the intrusion of annular microsyenite 
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Fig 3.10: Summary of the stratigraphy of main Phase IV pyroclastic formations, with reference to previous authors. Note that 
the large errors on radiometric ages make relative age determinations difficult in the absence of direct field evidence. 
The southern and western flank unwelded formations (St Gilles, St Pierre and St 
Louis Formations) are dominated by discrete Type 1 and Type 2 ignimbrite packages 
with associated ground deposits, interpreted as Plinian column-collapse units. The 
ground deposit of ignimbrite G 1 contains a prominent fall-out unit, which supports 
this hypothesis. The eruptions producing these formations originated from a central 
vent close to the head of the Bras Rouge river. There is abundant evidence for 
phreatomagmatic involvement. Determination of the relative ages of these 
formations is hindered by the lack of direct field evidence and the large errors on 
radiometric ages. The Type 2 pyroclastic flow units of the St Gilles and St Pierre 
Formations have previously been correlated; however, geochemical evidence (this 
study) has rendered this correlation invalid. 
The St Louis Formation is deduced to be the youngest southern flank deposit due to 
the presence of fresh glass in its benmoreite pumices. It was deposited from a Type 3 
pyroclastic flow and contains textural evidence for magma-mixing, which may have 
been a mechanism for triggering eruption. Althought has not been dated it could be 
younger than any other Phase IV product. 
The Dalle Soudée Formation consists of a series of deposits of dissimilar age. The 
basal units (DS, to DS 3) have radiometric ages of 110,000-200,000 years and 
represent a sequence of explosive and effusive eruptions culminating in production of 
the "welded slab". The latter was produced by collapse of a low gas-content Plinian 
eruption column. DS 4 consists of a series of younger trachytic block-and-ash flow 
deposits related to those exposed on the eastern flank. They are predated by late-
stage lava-flows on the eastern flank and in the summit region, filling the ancient 
"Les Marsouins" paleocirque to produce the Béllouve and Bébour plateaux. Thin 





A. Photograph (I) illustrating stratigraphy of the St Suzanne Formation at 
new road section (site 115) with interpretative sketch (II). S1 (cross-bedded 
surge deposit) partially mantles topography. 52 (ignimbrite) has a flat upper 
surface. Note coarse-tail reverse grading in S3. SL, a later lava, fills a channel 
structure. 4m section. 
B. Photograph (I) and interpretative sketch (II) illustrating the proximal 
fades of Salazie Formation unit Sa13, showing evidence for magma-mixing. 
Black, glassy fiamme and green-grey fiamme are superimposed in the same 
sample as shown. Fallen block, Rivière des Fleures Jaunes (site 118). Width of 
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Photograph (I), looking north, of the St Glues Formation at location 14 ("Les Trois Roches"), with interpretative sketch (II). Showing ground deposit G 





















mantling fall-out deposit B Gf 
- 
Phase II mud-flow hrcccia 
PLATE 3.3 
Photograph (I), looking east, of the St Pierre Formation at location 113 ("Maison Rouge"), with interpretative sketch (II). Note cyclic depositional 
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Plate 3.4. Photograph (I) of St Pierre Formation unit P 1 a and the base of P, with interpretative 
sketch (II). The picture shows the strong coarse-tail reverse grading of P 1 a and the ground layer of 
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A. Photograph illustrating gas segregation pipes in the upper 4m of the St 
Louis Formation, concentrating large and dense clasts. Scale I m. RN I 
quarry, site 100, looking south. Gas segregation pipes are common in the 
products of Type 3 pyroclastic flows. 
B. Photograph illustrating evidence for magma-mixing in the St Louis 
Formation. Photograph and sketch of St Louis Formation GBQ pumice (long 
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Plate 3.6: Photographs illustrating Dalle Soudée Formation field relationships. 
Photograph illustrating texture of Dalle Soudée unit DS 1 (welded slab s. str.). Scale interval 
10cm. X: juvenile magmatic jacket erupted surrounding xenolith (since plucked by erosion). 
Surface of layer, near Piton Maldo (site I). 
Photograph showing charcoal fragments (C) in weathered late-stage trachyte DS 4. Scale 
interval 1cm. On Route Forestière 9, looking west (site 9). 
Photograph showing trachyte block-and-ash flow deposit (DS 4) ponding in a paleovaHey, 











Plate 3.7: Photographs illustrating Piton des Neiges intrusive relationships. 
Photograph illustrating dike and sill swarms cutting Phase I and Phase II lavas, interior 
Piton des Neiges. Cilaos Cirque. site 26 (above Bras Rouge river). Approximate vertical height of 
section; 80m. 
Photograph illustrating an intrusion (I) along an inferred fault plane, thought to be related 
to caldera collapse. Looking towards Grand Benard from Cilaos Cirque. Approximate vertical 
height of section: ôOOm. 
Photograph illustrating massive ("La Chapelle') syenite intrusion (I). Exposed thickness c. 
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CHAPTER 4. 
Petrography and Mineral Chemistry I: Juvenile Pumices, 
Fiamme and Lavas. 
4.1 Introduction 
Samples from Phase IV pyroclasts, lavas and intrusions were cut and made into 
polished sections for petrographic and microprobe analysis. The petrology and 
mineral chemistry of coarse-grained Phase IV xenoliths and intrusives are dealt with 
in Chapter 5. 1000 to 1500 points were counted per slide for modal analysis (Table 
4.1; Fig. 4.1). Samples BP77a and BP77b are duplicates, and may be compared to 
assess the reproducibility of these results. Generally, samples containing the most 
evolved phenocryst assemblages also had the highest modal abundances of 
phenocrysts (e.g. Salazie Formation unit Sal 3 ; St Louis Formation GGQ [green-grey 
quartz trachyte] pumice). 
Table 4.1: Modal abundances (%) of phenocryst phases in juvenile pumice, fiamme and lavas. 
Plag=plagioclase; Ol=olivine; Hd=hedenbergite; Sal=salite; Alt=altered ferromagnesian minerals; 
Ox=FeTi oxides; Am=amphibole; Alk=alkali feldspar; Ves=vesicles. 
Sample 	Type Plag 01 Hd Sal Alt 	Ox Am Alk Ves 
Salazie Formation: Sal3 proximal facies 
BP199 	Green 0.1 - - - 0.8 	0.3 - 20.5 0.9 
BP201 Black - - - - 0.1 0.1 - 14.1 1.6 
Salazie Formation: Sal3 distal facies 
RE364-2 2.2 - 1.5 0.5 - 	 0.9 - 10.1 -, 
RE364-6 2.1 - 1.0 0.5 - 	 0.8 - 11.7 - 
RE364-10 1.8 - 0.6 0.5 - 	 0.9 - 23.6 - 
BP77a 1.6 - 0.5 0.2 - 	 0.4 - 13.7 - 
BP77b 1.3 - 0.8 0.3 - 	 0.4 - 13.9 - 
Salazie Formation: Sa14 
BP70 1.2 0.5 - 0.5 - 	 1.3 - - - 
BP79 1.2 0.2 - 0.2 - 	 0.6 - - - 
St Louis Formation 
BP140-6 	BDM 0.4 0.3 0.1 - - 	 - - 0.4 2 
BP140-2 GBQ 3.6 0.1 0.1 - - 	 - - 0.2 54.8 
BP96 	GBQ 1.7 0.3 0.1 - - 	 - - 0.6 54.3 
BP140-la 	GGQ 0.2 0.3 0.9 - - 	 - - 20.6 - 
Dalle Soudee Formation 
BP6 	DS3 0.7 0.1 - - - 	 0.1 - - 19.7 
BP22 DS4 1.5 0.2 - - - 	 0.1 1.0 - 6.9 
BP85 	DS4 13.6 0.4 - - - 	 0.4 2.7 - 1.0 
Late-stage lavas 
RE100 21.3 1.0 - 0.5 - 	 0.8 0.2 - - 
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Fig. 4.1: Modal abundances of phenocryst phases in juvenile Phase 1V pumices, fiamme and 
lavas. Calculated using 1500 counted points on randomly oriented thin sections. Salazie 
Formation Lower flow-unit (Sa1 3 ): In the proximal facies, green-grey fiamme (BP199) contain 
more phenocrysts than black fiamme (BP201). In the distal facies, both fiamme and 
crystal-enriched matrix were counted, leading to a large observed variation in total crystal content. 
Salazie Formation upper flow-unit (Sal ) contains <5% phenocrysts. St Louis Formation: 
BDM (primitive) = black, devitrified mugearite. GBQ (intermediate) = glassy, black 
benmoreite/quartz-trachyte. GGQ (evolved) = green-grey quartz trachyte. Dalle Soudee 
Formation: DS3 and DS4 as shown. RE 100 is a late-stage lava (LSL). 
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4.2. Petrography of juvenile material from Phase IV pyroclastic deposits 
4.2.1 St Suzanne Formation 
Devitrified, aphyric pumice from unit S 2 of the St Suzanne Formation contained light 
and dark bands. No phases suitable for microprobe analysis were observed. 
4.2.2 Salazie Formation 
Proximal facies of unit Sal 3 (lower flow-unit): The devitrified matrix (77%) of 
green-grey fiamme from the proximal facies contains vesicles (<I%) and abundant 
feldspar microlites. Euhedral phenocrysts include anorthoclase (21 %), exsolved 
titanomagnetite (<1%) and ferromagnesian minerals altered to red iddingsite (Plate 
4.IA). The greenish colour of the matrix is imparted by microcrystalline 
clinopyroxenes (Nativel, 1977). Magnetite and apatite microcrysts are frequently 
preserved as inclusions in other phenocrysts. 
Black fiamme from this facies consist of glass (84%), which is fresh, dark honey-
brown and streaky in thin section (Plate 4.1 .B), with vesicles (<2%) and blebs of the 
green-grey material. Phenocrysts are less abundant than in green fiamme, but again 
consist of anorthoclase (14%), magnetite (<1%) and ferromagnesian minerals altered 
to reddish iddingsite (<1%). Apatite, glass and magnetite are common as inclusions 
in other phenocryst phases. 
The distal facies of unit Sal 3 contains green, red, black, brown or purple fiamme in a 
crystal-rich matrix with 7-23% lithics (Plate 4.2). Phenocrysts in matrix and fiamme 
include (1) euhedral to subhedral anorthoclase (10-25%), hedenbergite (0.5-2%) and 
titanomagnetite (<1%); and (2) subhedral, anhedral, resorbed or sieve-like oligoclase 
(1.5-2%) and saute (<1%) (Plate 4.2). Magnetite, glass and apatite are ubiquitous as 
microscopic inclusions, especially in oligoclase. The modal proportions of all 
phenocrysts are greater in the matrix than in fiamme, a phenomenon which is 
commonly observed in ignimbrites and is attributed to the elutnation of fines during 
eruption (Sparks and G. P. L. Walker, 1977). The large reported range of modal 
abundances was caused by sampling varying proportions of fiamme of different 
compositions and crystal-enriched matrix during point-counting. All the observed 
fiamme contained streaks and blobs of juvenile material with different colours and 
textures. It was therefore not possible to isolate phenocryst assemblages (e.g. 
00 
hedenbergite + anorthoclase or oligoclase + saute) and ascribe them to any one 
fiamme type. 
Upper flow-unit (Sal 4) 
Unit Sa14 (Upper flow-unit) of the Salazie Formation has a densely-welded, 
devitrified,. dark-grey matrix with: phenocrysts of euhedral to anhedral, corroded, 
sieve-like or resorbed oligoclase (1%); euhedral and subhedral titanomagnetite 
(<2%); olivine (<1%); and saute (<1%); and abundant lithic clasts (9-18%, Plate 
4.3). 
4.2.3 St Gilles Formation 
St Gilles Formation pumices are vesicular (<40% vesicles), aphyric, black to grey-
brown, weathered and devitrified. Nativel (1973) described a crystal-rich basal unit 
(GfA), containing crystals of feldspar (An 5032), augite, brown hornblende, opaque 
oxides and biotite. 
4.2.4 St Pierre Formation 
St Pierre Formation pumices are indistinguishable from St Gilles Formation pumices 
in the field, leading some authors to suggest that they are products of the same 
eruption (Kieffer, 1990; Deniel et al., 1992; Lecointre 1992:; Kieffer, et al., 1993). 
Few analyses have been performed on phenocryst phases from the St Pierre or St 
Gilles Formations as the pumièes are nearly aphyric. Homogeneous andesine 
(An43Ab550r2), saute, olivine (F0 36), magnetite and biotite were observed in one St 
Pierre pumice fragment (BPI72b). It is thought that these may be xenocrysts from 
partial disruption of a friable cognate xenolith included in the same fragment (see 
Chapter 5 and Plate 5.1). 
4.2.5 St Louis Formation 
Black, devitrified mugearite (BDM, or "primitive") pumices from the St Louis 
Formation consist of a homogeneous, black, devitrified matrix (96%) with few 
vesicles (<2%), <1% lithic clasts and <1.5% anhedral to subhedral phenocrysts of 
olivine, calcic clinopyroxene and feldspar (Plate 4.4). 
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Glassy, black benmoreitelquartz-trachyte (GBQ, or "intermediate") pumices 
consist of fresh, black, isotropic glass matrix (40-42%), vesicles (55%), euhedral or 
sieve-like reverse-zoned oligoclase with a clean, calcic rim (1-4%), euhedral to 
subhedral anorthoclase (<1%, mainly confined to microcrystal line streaks; Plate 
4.5.A), subhedral olivine (<1%), calcic clinopyroxenes (<1%), and opaque oxides 
(<1%). 
Green-grey quartz-trachyte (GGQ or "evolved") pumices are greenish and 
microcrystalline. They have a glomeroporphyritic trachytoidal texture with 7% 
vesicles, and occasional (trace) resorbed oligoclase xenocrysts. Euhedral 
phenocrysts include anorthoclase (21%), hedenbergite (1%), olivine (1%), and 
magnetite (<1%, Plate 4.4). Magnetite and apatite are ubiquitous as inclusions in 
other phases. 
4.2.6 Dalle Soudée Formation 
DS2 pumices consist of a dark grey, devitrified matrix containing vesicles (50-60%), 
anhedral olivine xenocrysts (trace) and occasional (<1%) euhedral phenocrysts of 
hedenbergite, magnetite and oligoclase - anorthoclase feldspar. Streaks of light-
coloured, microcrystalline material contain euhedral phenocrysts of hedenbergite, 
anorthoclase and magnetite (Plate 4.5). 
DS3 juvenile material consists of dark grey, devitrified, brecciated, welded matrix 
(70-75%), with 15-20% vesicles and 5-10% lithics. Sparse, subhedral, resorbed 
phenocrysts (<1%) are of oligoclase, anorthoclase, magnetite, salite and 
hedenbergite. 
Juvenile blocks from DS4 trachytes consist of light-coloured, microcrystalline 
matrix with a trachytoidal texture (70-90%, Plate 4.5), vesicles (0-10%) and euhedral 
phenocrysts of anorthoclase, olivines, magnetites and dark brown pleochroic 
amphibole rimmed with oxides. Anhedral, sieve plagioclases have a clean euhedral 
anorthoclase rim. 
4.2.7: Petrography of late-stage lavas 
Late-stage benmoreite lava-flow RE 100 has a glomeroporphyritic trachytoidal 
texture, and contains euhedral phenocrysts of zoned plagioclase (21.3%), olivine 
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(1%); magnetite (0.8%); pyroxene altering to amphibole (0.7%); and apatite (<0.5%) 
in a microcrystalline matrix. 
4.3 Mineral Chemistry 
4 .3. 1 Olivine chemistry 
Electron microprobe techniques are detailed in Appendix B; analyses are in 
Appendix C. Olivines are observed in primary ejecta from (I) the upper flow-unit of 
the Salazie Formation (unit Sal 4), (2) the St Louis Formation and (3) the Dalle 
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Fig. 4.2: Graph showing the range of forsterite contents in olivines from juvenile pumices, 
fiamme and lavas. LSL=Iate-stage lavas; DS2-DS4=DaIle Soudée Formation units; Sa14=Salazie 
Formation upper flow-unit. St Louis Formation pumices: BDM=primitive; GBQ=intermediate; 
GGQ=evolved. Arrow indicates zoning (c=core, r--rim). 
The upper flow-unit (Sal 4) of the Salazie Formation contains olivines with 52-87% 
forsterite component. The most fayalite-rich of these analyses were from the rim of a 
zoned crystal (Fig. 4.3) with a core composition of F0 82 . 
BDM (primitive) pumices from the St Louis Formation contain a range of olivines 
F03 . GBQ (intermediate) pumices display a more limited range (F0 420). GGQ 
(evolved) olivines have the least forsterite component (Fo <4). 
The matrix of pumice from Dalle Soudée Formation unit DS 2 contained olivines 
F08488 ; no olivines were observed in evolved streaks. Juvenile material from the 
overlying DS 3 shows a bimodal compositional distribution (F0 329 and F08390). DS4 
juvenile material contains olivines F02228 . Late-stage lavas have homogeneous 
olivines F06870 . 
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Fig.4.3: Olivines from Phase IV pyroclastic formations plotted as molecular Mn - Fe- Mg. (A) Main graph. Fe and Mn contents of 
olivine phenocrysts increase with increasing degree of differentiation. (B) Magnified view of shaded area. Line shows differentiation 
trend observed in silica-undersaturated series (after Stephenson, 1974; Larsen, 1976). 
Mn content increases with increasingfayalite component in olivines i.e. as a function 
of differentiation (Fig. 4.3). The highest Mn was observed in fayalites from St Louis 
Formation GGQ (evolved) pumice. Phase IV magmas evolved at conditions of 
temperature and oxygen fugacity controlled by the QFM buffer reaction (Nativel, 
1977; Rocher, 1988):- 
3Fe2SiO4+02=2Fe 3O4+5 i02. 
There is a lack of observed manganese-enrichment relative to iron in Phase IV 
juvenile material; this is typical of silica-oversaturated series in which the stability of 
the fayalite component is enhanced by the high silica content of the magma (Nash et 
al., 1969; Larsen, 1976). 
Ca content in Phase IV olivines generally increases with increasing fayalite (Fig. 
4.5). Two groups of points fall outside the main trend on the graph of wt% Ca versus 
forsterite content. Olivines from Dalle Soudée Formation unit DS 4 (late-stage 
block-and-ash flow deposits) have relatively low Ca; the Ca content of olivines from 
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Fig. 4.4: Graph of Wt% Ca versus fayalite content of olivines from juvenile pumices, fiamme 
and lavas, indicating fields of volcanic and plutonic olivines of Simkin and Smith (1970). Zoned 
olivines are indicated by arrows; c=core, r--rim. 
Nickel is present in trace quantities in Phase IV olivines; no significant correlation 
between Ni and Mg is observed. 
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4.3.2 Pyroxene Chemistry 
Calcic clinopyroxenes from the series diopside-hedenbergite are present in juvenile 
material from the Salazie, St Louis and Dalle Soudée Formations and in late-stage 
lavas, ranging in composition from saute to hedenbergite (Fig. 4.5). On a graph of % 
hedenbergite' versus frequency (Fig. 4.6), major peaks are observed at saute (Hd, 
35) and hedenbergite(Hd >96); with a minor ferrosalite peak (Hd 5070). 
Pyroxenes from the proximal facies of unit Sal 3 (Salazie Formation lower flow-unit) 
have been altered and were not analysed. The distal facies contains a range of 
pyroxenes, including both hedenbergite with <10% Di and salite to augite with 15 to 
35% Hd (Fig. 4.5, Fig. 4.6; see Native!, 1977; Rocher, 1988). The upper flow-unit 
(Sal4) contained salite to augite (Hd, 525), and ferrosalite to ferroaugite (Hd 5055). 
Saute 	Ferrosalite Diopside 	 Hedenbergite 
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Fig. 4.5: Pyroxenes from juvenile pumices, fiamme and lavas plotted in terms of the 
components ferrosilite, wollastonite and enstatite (fields after Deer et al., 1966). Pyroxenes are 
high-Ca clinopyroxenes of the series diopside-hedenbergite. Symbols as for Fig. 4.3. 
St Louis Formation BDM (primitive) pumices also contain both salite (Hd 1530) and 
hedenbergite. GBQ (intermediate) pumices contain three pyroxenes: a more limited 
range of saute (Hd 2535 ); ferrosalite (Hd5560); and ferrosalite to hedenbergite (Hd 80 
98). GGQ (evolved) pumices contain only hedenbergite. 
'Calculated as molecular [Fe 2 +Fe3 +Mn2 ] ~ EFe 2 +Fe3 +Mn2 Mg2 J 
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Fig. 4.6: Histogram showing the frequency of pyroxene compositions in Phase IV juvenile 
pumices, fiamme and lavas. %Hd component calculated as Fe/(Fe+Mg). Assuming that 
pyroxenes were sampled at random, there is a strong compositional bimodality, with major 
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Fig. 4.7: Pyroxene compositions from Phase IV eruptives. A. Pyroxenes plotted in terms of the components Mg (diopside); Fe 2 
+Mn (Hedenbergite); Na (acmite). Pyroxenes become strongly Fe-enriched before appreciable Ac component is incorporated into the 
lattice. This trend is typical of silica-oversaturated series (Larsen, 1976). B. Close-up of shaded region from graph A. The most 
hedenbergitic pyroxenes are beginning to become Ac enriched. Pyroxenes from the evolved streak in Dalle Soudee Formation unit D5 2 
display earlier enrichment in Ac. 
Dalle Soudée Formation DS, pumices contain pyroxenes (Hd 7598) which plot in the 
ferroaugite to ferrohedenbergite fields. Analyses project towards the ferrosilite apex 
as a consequence of their high acmite content. DS 3 juvenile material bear saute 
(Hd 1525) and ferrosalite (Hd 6075). DS4 juvenile material have ferrosalite to 
ferroaugite (Hd5065). Late-stage summital lavas contain salite (Hd 25 .40). 
When Fe2 in an evolving melt falls to such a degree that fayalite crystallisation is 
no longer supported, crystallising pyroxenes become increasingly enriched in the 
acmite component NaFe 3 Si2O6 (Nash and Wilkinson, 1970; Larsen, 1976). 
Sodium enrichment is frequently observed early in the differentiation sequence in 
pyroxenes from silica-undersaturated alkaline series, where Fe 2 in the melt is 
suppressed by the lowering of the QFM buffer (Aoki, 1964; Larsen, 1976). 
Generally, Phase IV pyroxenes do not show a marked sodium enrichment over iron 
(II) during differentiation until very late, in crystals with 
(Fe+Mn)/(Mg+Fe+Mn)>0.95 (Fig. 4.7) . One exception is the Dalle Sóudée 
Formation unit D5 2 ; pyroxenes with (Fe+Mn)/(Mg+Fe+Mn)<0.8 from the streak of 
light-coloured, microcrystalline material in pumices from this unit are appreciably 
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Fig. 4.8: Graph of Al [ ,] versus Ti in clinopyroxenes from juvenile pumices, fiamme and lavas. 
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Fig. 4.9.A: Major-element variation in pyroxenes from Phase IV juvenile pumices, fiamme 
and lavas: elements calculated to 6 oxygens. Mg/(Mg+Fe) represents fractionation index. 
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Fig. 4.9.13: Major-element variation in pyroxenes from juvenile pumices, fiamme and lavas; 
elements calculated to 6 oxygens. Mg/(Mg+Fe) represents fractionation index. Symbols as for Fig. 4.3. 
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Ti content is correlated with Al [z] 2 according to the equation Al [z] =2Ti, confirming 
coupled substitution of these two elements according to the relation 
M2 +2Si4 =Ti4 +2Al3 , i.e. involving the CaTi-Tschermak's component, CaT1AI10 6 
(Fig. 4.8). Most points lie to the Al-rich side of the line, indicating the presence of 
the Ca-Tschermak's molecule CaAI2Si06 . 
Major and minor elements are correlated with Mg/(Mg+Fe) in Phase IV pyroxenes. 
Si, Mn, Na, Ca and total iron increase; Ti and Al content decrease with decreasing 
Mg (i.e. as fractional crystallisation progresses) (Fig. 4.9). The increase in Si and 
decreases in Ti and Al may be attributed to diminution of the Ca-Ti Tschermak's 
component during fractional crystallisation, in response to decreasing ac,, and aTi in 
the melt. A single ion microprobe analysis (see Appendix C) of a hedenbergite from 
St Louis Formation green-grey quartz-trachyte (GGQ) pumice showed appreciable 
concentrations of Zr (c. 500ppm), Y (c. 140ppm) and REE (c. lOOppm La; 350ppm 
Ce; 250ppm Nd; 60ppm Sm). 
4.3.3 Feldspar chemistry 
Feldspar analyses were recalculated to 32 oxygens and cast in terms of the end-
members albite, orthoclase and anorthite. Feldspars crystallising from low 
temperature melts can be considered in terms of the end-members of the binary series 
albite-anorthite and albite-orthoclase. At increasing crystallisation temperatures and 
decreasing water content the feldspar solvus contracts, and all three components 
must be considered; this is particularly noticeable in albite-rich feldspars (e.g. 
Nekvasil, 1991; Fig. 4.10). As Phase IV feldspars are commonly sodic; 
compositions are considered in terms of the ternary end-members. A range of 
feldspars from bytownite (0r 0Ab 12An88) to sodic sanidine (0r52Ab48An0) is observed. 
The majority (low-temperature series) lie close to the 700-800°C isotherm of 
Nekvasil (1991). However, feldspars from the Dalle Soudée Formation unit DS 4 , 
and from the upper flow-unit (Sal ) of the Salazie Formation (high-temperature 
series) contain more of the orthoclase and anorthite components, and lie between the 
800° and 900°C isotherms'. 
The anorthite component of feldspars decreases, and first albite followed by 
orthoclase increase as fractional crystallisation proceeds. Subtracting Ca from K 
2Al1i represents substitution of Al for Si in the Z site of a pyroxene with formula XYZ 206 and is 
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Fig. 4.10: Frequency of feldspar compositions in Phase IV pyroclastic deposits. A: Low-temperature series; B: 
High-temperature series. Salazie Formation feldspars: Sal3p =Proximal fades of lower flow-unit; Sal3d =Distal fades of lower flow-unit; Sa1 4 
=Upper flow-unit. St Louis Formation feldspars: BDM=black,devitrified mugearite pumices; GBQ=glassy, black, benmoreite/-quartz trachyte 
pumices. GGQ=green-grey quartz trachyte pumices. Dalle Soudee Formation feldspars: units DS2-DSt as discussed in the text. Peaks have been 
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Fig. 4.11: Summary of phenocryst feldspar compositions from Phase IV 
pyroclastic deposits. A. Graph with compositional fields adapted from Smith 
(1974). Abbreviations used are: and=andesine; olig=oligoclase; ab=albite; 
an=aiorthoclase; san=sanidine. B. Graph with isothermal ternary feldspar solvus 
curves (contoured in degrees centigrade) adapted from Nekvasil (1991). The solvus 
contracts with increasing temperature and decreasing water content. 
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therefore yields a measure of fractionation (Mingard, 1990). Histograms showing 
the frequency of measurements of K-Ca are plotted on Fig. 4.11. Assuming that 
feldspar microprobe analyses were taken randomly, the distribution of analyses from 
the low-temperature series is distinctly bimodal, with major anorthoclase and 
oligoclase peaks and a minor andesine peak. In the high-temperature series, Salazie 
Formation unit Sa14 (upper flow-unit) displays a single K-poor oligoclase peak; Dalle 
Soudée Formation unit DS 4 displays two smaller peaks at andesine and potassic 
oligoclase. Assuming random sampling of feldspars during microprobe analysis, 
these peaks are interpreted to represent major crystallising phases in Phase IV 
magmas. 
Salazie Formation feldspars are plotted on Fig. 4.12. Both the upper (Sal 4) and 
lower (Sal 3) flow-units contain a range from bytownite to sodic sanidine. The most 
abundant of these were anorthoclase and oligoclase in Sa1 3 , andesine/labradorite and 
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o Upper flow-unit 	 • Black fiamme (BP201) 
• Lower flow-unit Grey-green fiamme (BP199) 
Fig. 4.12: Feldspars from the Salazie Formation. A: All feldspars. B: Close-up of the shaded 
region of graph A showing feldspars from the proximal facies of Sa1 3 (lower flow-unit). 
The proximal facies of Sal 3 (lower flow-unit) bears anorthoclases from An 50r32Ab63 
to An 1 0r37Ab62 . Anorthoclases from green-grey fiamme contain less anorthite than 
those in black fiamme with the same Ab/Or ratio; the latter therefore crystallised 
from a higher temperature/lower water-content magma. The distal facies contains 
bytownite to sodic sanidine, with significant peaks at both anorthoclase and 
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oligoclase (Fig. 4.11). Zoning of Sal 3 feldspars was not detected by either optical or 
electron microprobe techniques; however, oscillatory Ca-Ba-K zoning in 
anorthoclases has been detected by previous authors using an ion microprobe 
(Havette and Native!, 1977; Nativel, 1978). 
Sa14 (upper flow-unit) contains bytownite to sodic sanidine, with peaks at 
andesine/labradorite and at anorthoclase. They are significantly more ternary than 
Sa13 feldspars, and are members of the high-temperature series. 
St Louis Formation BDM (primitive) pumices contain labradorite to anorthoclase 
(Fig. 4.13), with possible peaks at andesine/labradorite and anorthoclase (Fig. 4.11). 
Feldspars from GBQ (intermediate) pumices range from andesine to anorthoclase, 
with oligoclase and anorthoclase peaks. GGQ (evolved) pumices contain abundant 
(~!20% by volume) anorthoclases; no other feldspar phenocrysts are observed. St 
Louis Formation feldspar phenocrysts are significantly zoned (Fig. 4.14). BDM 
(primitive) and GGQ (evolved) pumices contain normally-zoned feldspars, with 
cores up to 10% richer in anorthite than rims. GBQ (intermediate) pumices contain 
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Fig. 4.13: Feldspars from the St Louis Formation. BDM=primitive pumice; GBQ=intermediate 
pumice; GGQ=evolved pumice. 
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Fig. 4.14 : Zoning in Phase IV feldspar phenocrysts. Symbols as in Fig. 4.3. Core and rim 
analyses indicated by c and r respectively. A. St Louis Formation. BDM (primitive) 
plagioclases are normally-zoned. GBQ (intermediate) feldspars display slight reverse zoning; 
calcic rims overgrow resorbed sodium and potassium rich cores. GGQ (evolved) pumices are 
normally-zoned, with potassium-rich rims. B. Dalle Soudee Formation unit DS  and late-stage 
lavas. Feldspars from these units are normally-zoned. 
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Feldspars from the Dalle Soudée Formation are plotted on Fig. 4.15. DS' contains 
andesines to anorthoclases; the evolved, microcrystalline streak in DS' pumice 
contains anorthoclases with <3% anorthite component, while the dominant 
composition in the bulk of the pumice is andesine. DS 3 and DS 4 contain oligoclases 
with varying proportions of potassium and calcium. DS 4 oligoclases form part of the 
high-temperature series (Fig. 4.11) and are normally-zoned, with rims of Ca-
anorthoclase (Fig. 4.14). Late-stage summital lavas contain normally-zoned 
feldspars, with labradorite cores and andesine rims (Fig. 4.14; Fig. 4.15). 
Or 	 Or 
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Ab 10 20 30 40 50 60 70 80 90 An Ab 	10 	20 30 	40 
—*An 
KEY 
A DS2 Feldspar phenocrysts 	El DS4 (trachytes) 
0 DS Feldspar phenocryst in X Late-stage lavas 
evolved streak 
-- DS 
Fig. 4.15: Feldspars from the Dalle Soudée Formation and from late-stage lavas. A: Or-Ab-An 
plot showing the range of compositions from andesine to anorthoclase. B. Close-up of the shaded 
region of plot A. 
Iron contents of Phase IV feldspars are plotted vs K-Ca on Fig. 4.16. In general, 
molecular iron content in feldspars falls with increasing degree of fractionation. 
Occasional points with very high Fe are attributed to sampling iron-rich inclusions 
during the analysis. Iron contents are significantly lower in Dalle Soudée Formation 
unit DS 3, Dalle Soudée unit DS 2 and late-stage lavas than in feldspars with 
comparable K and Ca content from other formations. 
Barium analyses were performed on several St Louis and Salazie Formation feldspars 
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Fig. 4.16: Graph showing Fe content (recalculated to 32 oxygens) of feldspars from 
juvenile material. A:Low-temperature series; B: High-temperature series Symbols as for Fig. 
4.3. The high-temperature series feldspars are more ternary and therefore cannot be directly 





fractionation until it becomes compatible in alkali feldspar. It then falls as the melt 
becomes increasingly Ba-depleted. 
Nine ion microprobe analyses showed that primitive pumices and fiamme contain 
feldspars with:- 85-130ppm Rb, 680-750ppm Sr, 16-61ppm Zr and 680-700ppm Ba 
(Appendix). Evolved pumices and fiamme contain feldspars with 40-50ppm Rb, 2-
15ppm Sr, 50-300ppm Ba and <lppm Zr. It is likely that the zirconium detected in 
relatively primitive feldspars was derived from submicroscopic Zr-rich inclusions, 
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Fig. 4.17: Graph showing Ba content (recalculated to 32 oxygens) of feldspars from juvenile 
pumices, fiamme and lavas. Ba in feldspars increases to a maximum as fractionation proceeds, 
before declining again to near zero. GBQ=intermediate pumice, St Louis Formation; Dist=distal 
facies, lower flow-unit if Salazie Formation. 
4.3.4 FeTi oxide chemistry 
Titanomagnetite analyses were calculated to 32 oxygens and ilmenite analyses to 6 
oxygens using the method of Droop (1987). Magnetites have exsolved ilmenite, 
probably by subsolidus oxidation exsolution. Resulting analyses fall to the Fe 3 side 
of the magnetite-ulvospinel solid solution line (Fig. 4.18). Ilmenites have exsolved 
hematite and lie close to the ilm-hem join. 
The concentrations of minor components in FeTi oxides are strongly dependent on 
the composition and temperature of the crystallising melt (Haggerty, 1976). Acidic 




FeO 	10 20 30 40 50 60 70 80 90 Fe203 
Fig 4.18: FeTi oxides plotted as proportions of the components FeO, TiO 2 and Fe2 03 . 
Symbols as for Fig. 4.3. End-member compositions (filled triangles): IIm=ilmenite; 
Usp=ulvOspinel; Mt=magnetite; Hem=hematite. 
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Fig. 4.19: FeTi oxides plotted as proportions of the minor components Mg, Al and Mn. 
Magnetites and ilmenites have been divided into: primitive, intermediate/mixed and evolved, 
depending on the corresponding phenocryst population of the material in which they were found. 
Arrows indicate general differentiation trend; fields show range of magnetite and ilmenite 
analyses: 
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IV ilmenites lie on a low-Al trend with manganese content increasing during 
differentiation. Phase IV magnetites are rich in Mg and Al; manganese content 
increases with greater degree of differentiation, in response to increasing Mn in the 
melt. These results are compatible with those of Nativel (1977). 
4.3.5 Amphibole chemistry 
Brown, pleochroic amphiboles from Dalle Soudée Formation unit DS4 were 
analysed; results, presented in (Figs. 4.20 to 4.21), were recalculated to 23 oxygens 
using the method of Robinson et al., 1981. Amphiboles have the general formula 
AX2 . 3Y5Z8022(OH,F)2 . In the case of DS 4 amphiboles, A=[Na,K]; X=[Ca,Na]; 
Y= [Mg,Fe2 ,Fe3 ,Al,Ti,Mn,Cr]; Z=[S i ,Al]. 
Al in the Y site is referred to as Al [6] because of its octahedral co-ordination; 
similarly, tetrahedral Al substituting for Si in the Z site is referred to as Al 141 . Na in 
the X site is referred to as Na[X]. 
On a graph of [Al [4] +Ca] versus [Si+Nai0j+K] (Fig. 4.20A), DS 4 amphiboles plot 
between the hastingsite NaCa2(Mg,Fe2 4)A1 [Al 2Si6O22](OH)2 and katophorite 
Na2Ca(Mg,Fe2 'Fe3 )5 [Si7A1022](OH,F)2  end-members, with some tschermakite 
Ca2(Mg,Fe2 )3Al2Si6Al2022(OH,F) 2 component. This classification is confirmed by 
plots of [Al [6}+Fe3 +Ti] versus [Al[4]] (Fig. 4.20B), and of Al 141 versus Ca (Fig. 
4.21A). The most important substitution is therefore CaA1=NaSi, as seen in a plot of 
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(A1[6]+ Fe 3+  +Ti) 
Fig. 4.20: A: Plot of Al [41+Ca against Si+Na+K for DS 4 amphiboles, after Giret et al. 
(1980). Amphibole end-members (filled diamonds): Ts=tschermakite; Hast=hastingsite; 
Ed=edenite; Hbl.=hornblende; Act=actinolite; Kat=katophonte. B: Plot of (Al [6] +Fd +Ti) 
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Fig. 4.21: Amphibole compositions in DS 4 . A: Al [4]  vs Ca. End-member compositions for 
comparison: Hast=hastingsite; Kat=katophonte; Ed=edenite. The substitution is likely to be 
NaSi=AICa. B: Graph showing Na atoms in the M [4] site vs Ca. Line shown has a correlation 
coefficient of -0.97, confirming Na-Ca substitution. 
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4.3.6 Summary 
The magmas which erupted to form the St Suzanne, St Pierre and St Gilles 
Formations were aphyric; phenocrysts and xenocrysts were analysed from the Salazie 
Formation (unit Sal 3 proximal and distal facies; unit Sal 4), St Louis Formation, Dalle 
Soudée Formation (units DS,, DS 3 and DS4), and late-stage lavas. 
Olivines form a continuous series Fo 90-F03 . Their Fe 2 , Ca and Mn contents 
increased during differentiation; the resulting trend is typical of olivines crystallising 
from silica-oversaturated magmas at low pressure and f0 2 . 
Calcic clinopyroxenes Hd 15 -97 display very strong Fe-enrichment before appreciable 
acmite component is incorporated. This is typical of a silica-oversaturated series 
crystallising at low pressure. Ca-Ti Tschermak's component is present, with small 
amounts of Ca-Tschermak's component. Mg/(Mg+Fe) is correlated positively with 
Mg, Al and Ti; negatively with Si, Mn, Na, Fe and Ca. 
Feldspars range from bytownite to sodic sanidine; the most abundant are andesines, 
oligoclases and anorthoclases. Iron contents fell during differentiation whereas 
barium content rose to a maximum before falling. Low-temperature series feldspars 
(St Louis Formation and lower flow unit Sal 3 of the Salazie Formation) lie close to 
the 700-800°C isotherm of Nekvasil (1991); high-temperature series feldspars 
(Salazie Formation upper flow-unit Sa1 4, Dalle Soudée Formation and late-stage 
lavas) lie between the 800-900°C isotherms. Normally-zoned feldspars were 
observed in the most primitive and most evolved St Louis Formation pumices, and in 
Dalle Soudée Formation unit DS 4. Reverse-zoned feldspars were observed in St 
Louis Formation GBQ (intermediate) pumices. 
Both titanomagnetite and ilmenite are present in Phase IV eruptives. 
Titanomagnetites display evidence for subsolidus oxidation-exsolution. Both 
magnetites and ilmenites grow more Mn-rich during differentiation. 
Amphiboles of the series hastingsite-katophorite were observed in Dalle Soudée 
Formation unit DS 4 (late-stage trachytic nuée ardente deposits). No other hydrous 
minerals were observed in any other Phase IV pyroclas tic deposits. 
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PLATE 4.1 
Plate 4.1: Texture of the proximal facies of Salazie Formation unit Sa13. 
A. Trachytoidal texture in porphyritic grey-green quartz trachyte 
(BP199). Altered hedenbergite prism (Hd) with oxide corona (Cor) and 
preserved magnetite inclusions (Mt). Most of central region removed 
during sectioning; relict hedenbergite (Rel) is altered to reddish oxides. 
With euhedral feldspar phenocrysts (F). 
B. Glassy black quartz trachyte (BP201) containing streaks of 
trachytoidal grey-green quartz trachyte (GGQ) and streaks of darker 
brown glass (Str). Glomeroporphyritic texture; euhedral anorthoclase is 
the dominant phase. 
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Plate 4.2: Texture of the distal fades of Salazie Formation unit Sa13. 
A. Black, glassy, devitrified fiamme containing resorbed oligoclase 
crystal with sodium-rich oligoclase overgrowth (Olig); subhedral 
hedenbergites containing FeTi oxide inclusions (Hd); subhedral saute 
(Sal). 
B. Black, devitrifled fiamme containing anhedral oligoclase (Olig) with 
FeTi oxide and apatite inclusions, and anhedral saute (Sal) intergrown. 
Also broken, euhedral and subhedral anorthoclase (F). 
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PLATE 4.3 
Plate 4.3: Texture of the Salazie Formation upper flow unit Sa14. 
A. Resorbed (Res) and overgrown (Ov) oligoclase crystals and 
euhedral magnetite (Mt) heterogeneous, brecciated matrix. 
B. Euhedral oligoclase (Eu), saUte (Sal) and magnetite (Mt) 
phenocrysts, olivine xenocryst (01) and olivine rich xenolith (Xen) in 
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Plate 4.4: Texture of the St Louis Formation and of late-stage lavas. 
A. Aphyric, black, devitrified mugearite 
(primitive, BDM) block from the St Louis 
Formation (ppl.  x2). 
B. 	Glassy, black, benmoreite/quartz 
trachyte (intermediate, GBQ) pumice from 
the St Louis Formation, containing a streak 
of green-grey quartz trachyte (evolved, 
GGQ). The right hand side of the photograph 
is occupied by aphyric, vesicular GBQ pumice. 
The GGQ streak (left of picture) contains 
colourless anorthoclase phenocrysts (top and 
left) and euhedral, green, hedenbergite (centre 
left). A band of fresh, brown, heterogeneous 
glass separates the two fields (centre). The 
glass is the same composition as bulk GBQ 
pumice, implying that the GBQ magma was 
quenched against cooler GGQ magma (ppl, 
x3). 
C. Green-grey quartz trachyte (evolved, 
GGQ) pumice from the St Louis Formation. 
Greenish, microcrystalline pumice with 
trachytoidal texture. Euhedral phenocrysts of 
transparent anorthoclase (bottom of picture), 
bright green hedenbergite (upper left), opaque 
magnetite (e.g. included in the hedenbergite 
crystal), and yellowish, fayalitic olivine (also 
associated with the hedenbergite crystal). Ppl, 
xlO. 
D. Late-stage lava RelOO. Microscrystalline; 
subhedral feldspars (e.g. lower left-hand side, 
transparent triangle) and greenish 
clinopyroxene (right hand side of upper half of 
picture). Ppl, xlO. 
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Plate 4.5: Texture of the Dalle Soudée Formation. 
A: Unit DS2: evidence for magma mixing. Streak of porphyritic, B. Trachytoidal texture in trachyte block-and-ash-flow deposit (DS4). 
green-grey devitrified quartz trachyte (Str) in sparsely phyric vesicular Phenocrysts include brown-black, pleochroic amphibole (Am) with FeTi 
pumice. Hd: euhedral hedenbergite; F: euhedral anorthoclase; 	 oxide rim; anhedral olivine (ol); resorbed plagioclase with aihitic 













Petrography and Mineral Chemistry II: 
Intrusives and Coarse-Grained Xenoliths 
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CHAPTER 5. 
Petrography and Mineral Chemistry II: Intrusives and 
Coarse-Grained Xenoliths. 
5.1 Introduction 
Samples from Phase IV intrusives and coarse-grained xenoliths were prepared and 
analysed in the same manner as juvenile pumices, fiamme and lavas (see Chapter 4). 
The latter provide instantaneous samples of material from a crystallising magma-
chamber; coarse-grained xenoliths may provide material from the crystallising 
boundary layer (Bacon and Druitt, 1988; Tait et al., 1989; Beard and Borgia, 1989; 
De Silva, 1989; Fichaut et al., 1989; Harris, 1986; Tait, 1988; Turbeville, 1992; 
Turbeville, 1993, Widom et al., 1993). Fresh, interstitial glass, where present, 
represents the residual liquid composition (Hermes and Cornell, 1981; Tait et al., 
1989). Coarse-grained, cumulate xenolith samples with compositions appropriate to 
Phase IV were assumed to represent samples from the boundary layer of a Phase IV 
magma chamber. Medium- to coarse-grained, porphyritic xenoliths, inferred to be 
derived from hypaybssal intrusions, were also sampled. 
5.2 Petrography of coarse-grained Phase IV xenoliths 
5.2.1 Introduction 
Coarse-grained cumulate xenoliths may be classified according to (i) textural or (ii) 
compositional characteristics. Widom et al. (1993), adopting the textural approach, 
subdivided cognate cumulate xenoliths from the Fogo A trachyte, Agua de Pao 
volcano (Sao Miguel, Azores) into three groups, which were correlated with 
radiometric age. The youngest group contain unexsolved alkali feldspars and 
abundant miarolitic cavities. The oldest group contain exsolved feldspars, no void 
space and some evidence for recrystallisation. The third group had intermediate ages 
and displayed a range of textures between these two end-members. No xenoliths 
containing fresh glass were reported. An "onion-skin' arrangement of coarse-grained 
material around the chamber walls was proposed; the youngest xenoliths were 
derived from the crystal mush in contact with the fractionating magma (Fig. 5.1A). 
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Fig. 5.1: Models of xenolith formation in contrasting zoned pyroclastic deposits. A: 
Fogo A eruption of Agua de Pao volcano, Azores (Widom et al., 1993). Only a small volume 
of magma was removed during eruption; coarse-grained xenoliths were derived from 
roof-rock material. An onion-skin arrangement of cumulates is envisaged; young, porous 
xenoliths were derived from those nearest to the crystallising magma. B: Laacher See tephra 
(after Tait et al., 1988); felsic nodules are from sidewalls; mafic nodules and those with 
mafic interstitial glass similar in composition to the ULST (Upper Laacher See Tephra) were 
derived from the base of the magma-chamber. Almost the entire chamber must have been 
evacuated for there to be mafic nodules in the ejecta. 
Tait et at. (1989), adopting the compositional approach, reported friable, cognate 
xenoliths in the zoned Laacher See tephra with up to 30% by volume fresh glass. 
Syenite nodules were subdivided into mafic (with over 50% pyroxene + 
amphibole), felsic (predominantly sanidine and subsidiary anorthoclase), and 
intermediate (with approximately equal amounts of felsic and mafic minerals). Mafic 
xenoliths with bulk compositions close to those of Upper Laacher See Tephra 
(ULST) pumice, and those containing mafic interstitial glass of similar composition, 
were inferred to have crystallised at the base of the chamber, where the ULST 
magma was resident. Felsic nodules are interpreted to be sidewall cumulates, derived 
from more evolved magma at a higher stratigraphic level in the chamber (Fig. 5.IB). 
A combination of these two approaches is used here, as Phase IV cumulate xenoliths 
display a range of both textures and compositions. Assemblages from cumulate 
Phase IV xenoliths are shown in Table 5.1. Many relatively coarse-grained xenoliths 
from Phase IV pyroclastic deposits show porphyritic and glomeroporphyritic 
textures, and were therefore interpreted as samples of hypabyssal intrusions, 
disrupted during eruption. Others were interpreted as hypabyssal due to their 
relatively fine average grain size (<3mm) and lack of cumulate textures. They 
contain evolved assemblages (Table 5.2, Table 5.3) and are therefore assumed to 
have crystallised from Phase IV magmas. Modal compositions of Phase IV xenoliths 
and intrusives are given in Table 5.4. 
5.2.2 Petrography of coarse-grained cumulate xenoliths 
Coarse- and medium-grained Phase IV xenoliths are classified in terms of their 
modal proportions of quartz, alkali feldspar and plagioclase according to the modal 
classification scheme of Streckeisen (1976). The majority are either gabbros or 
syenites. Mafic compositions were classified as syenogabbros rather than 
monzonites or monzogabbros, as the two latter terms imply two feldspars in 
equilibrium, a situation not observed in these xenoliths. 
One uncompacted, cumulate diorite sample (BP172b, St Pierre Formation), contains 
unaltered andesine, saute, olivine (F0 35), magnetite and biotite. Interstices between 
these crystals, forming circa 30% of its volume, are vesicular and partially filled with 
fresh glass (Plate 5. lA-B). The freshness of this sample is interpreted as evidence for 
its relative youth; it is equivalent to the first textural group of Widom et al. (1993). 
The remainder of the cumulate xenoliths, sampled from the St Pierre, Salazie, Dalle 
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Soudée and St Gilles Formations, fall into the second and third (altered) groups, and 
may be subdivided into the following categories: 
Ultramafic cumulate (dunite) xenoliths were found in the Dalle Soudée 
Formation unit DS 3 ; these are virtually monominerallic orthocumulates (Plate 5.4 C-
D), with cumulus olivine (>90%) and minor bytownite ± diopside-rich clinopyroxene 
± magnetite, with intercumulus biotite. No other peridotite xenoliths were observed 
in Phase IV pyroclastic deposits. 
Mafic cumulate xenoliths. These include gabbros, diorites and syenogabbros. 
Major constituents are plagioclase (12-86%), saute (2-47%) and magnetite (4-54%), 
with minor apatite ± olivine, biotite, ilmenite, alkali feldspar, amphibole, and residual 
melt. Textures are illustrated in Plates 5.1 to 5.3 and Plate 5.5. Orthocumulate 
textures are ubiquitous; clean, zoned plagioclases with long axes 0.4cm to 1.2cm 
(occasionally with overgrowths of turbid alkali feldspar) form a touching framework 
together with saute, magnetite and olivine (if present). In many cases the 
intercumulus material includes altered glass (Plates 5.2C-D, 5.5C), with occasional 
euhedral apatite (Plates 5.2A-B, 5.5C). Modal layering on a centimetre scale is 
occasionally visible. 
Varying degrees of alteration are observed. In most cases the plagioclases remain 
unaltered, rarely becoming turbid. Iron-titanium oxides are ubiquitously exsolved 
and frequently have late biotite overgrowths (e.g. Plates 5.2A-D, 5.3A-B). 
Pyroxenes become cloudy and full of inclusions (Plate 5.2A) and may be hydrated to 
green/brown amphibole (Plate 5.513). Olivine may be unaltered, but is frequently 
represented by iddingsite with relict olivine cores (e.g. Plates 5.3A-B). One xenolith 
(BP103c) showed evidence that it had experienced deformation and cataclasis on the 
scale of individual crystals (Plates 5.5A-B). 
Felsic cumulate xenoliths are all syenites, and represent the only coarse-grained 
syenite cumulates yet reported from Piton des Neiges. Textures are illustrated in 
Plate 5.4A-B. The samples contain ternary feldspar (85%), fayalite (5%), ferrosalite 
(4%), amphibole (3%), and magnetite (3%) with minor apatite ± quartz. 
Interlocking, normally-zoned, homogeneous ternary feldspars with swapped rims, 
greenish ferrosalites, magnetites and olivines up to 0.5cm in diameter form a 
touching framework. Intercumulus phases up to 0.1cm in diameter include apatite 
and/or quartz. Varying degrees of alteration are observed; some feldspars are turbid, 
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whereas pyroxenes have dark green rims and cracks. Olivines have dark brown rims 
of iddingsite; both olivines and pyroxenes are altered to brown, pleochroic amphibole 
in places. Magnetites may have late, marginal biotite overgrowths. 
Table 5.1: Phase assemblages in cumulate xenoliths. 01=olivine; Hd=hedenbergite; Di=diopside; 
Sal=salite; Pl=plagioclase; AF=alkali feldspar; Mt=magnetite; Ilm=ilmenite; Ap=apatite; Q=quartz; 
Cc=calcite; Am=amphibole; Bi=biotite, *Denotes  obvious alteration product of another phase 
Sample Rock Assemblage: Formation 
composition 1. Major 2. Minor and unit 
constituents constituents 
(>5% by (<5% by 
volume volume) 
Ultramafic cumulate xenoliths 
BP3 Dunite 01 Pl+Bi*+Mt+Di Dalle Soudée DS3 
BP4 Dunite 01 PI+Bi+Mt Dalle Soudée DS3 
BP5 Dunite 01 Am+Bi+Mt Dalle Soudde DS3 
Mafic cumulate xenoliths 
BP134 Gabbro Pl+Mt 01+Bi*4Ap+Sal St Gilles G2 
BP103c Gabbro Pl+Sal+Mt Ol+Bi* St Pierre P2 
BP62b Gabbro Pl+Sal+Mt Ol+Am*+Bi* Salazie Sa13 
BP62a Gabbro Pl+Sal+Mt Ol+Am*+Bi* Salazie Sa13 
BP1 15 Gabbro Pl+Sal+Mt 01+Am+Ap Dalle Soudde DS3 
BP138 Gabbro Pl+Sal+Mt 01+Am*+Bi* St Gilles G2 
BP127a Gabbro Pl+Sal+Mt 01+Bi*+Ap St Pierre P1 
BP69a Gabbro Pl+Sal+Mt 01+Ap Salazie Sa13 
BP65 Gabbro P1+SaI+Mt Bi*+Ap Salazie Sa13 
BP127d Gabbro Pl+Sal+Mt Bi*+Ap St Pierre P 1 
BP200 Gabbro Pl+Sal+Mt Bi*+AF+Ap Salazie Sa13 
BPI 14b Gabbro Pl+Sal+Mt Bi*+Ap St Pierre P1 
BP58a Gabbro Pl+Sal+Mt Bi*+AF+Ap+Il+Cc Salazie Sa13 
BPI lOd Gabbro Pl+Sal+Mt Ap St Pierre P1 
BP69 Gabbro Pl+Sal+Mt Ap Salazie Sa13 
BPI72b Diorite Pl+Sal+Mt 01+Bi St Pierre P 1 
BP60 SyenOgabbro Pl+Sal+Mt+AF Ap Salazie Sa1 3 
BP59 Syenogabbro Pl+Sal+Mt+AF Ap Salazie Sa13 
Felsic cumulate xenoliths 
BPI lOc Syenite Pl+Ol+Hd+AF Am*+Mt+Ap St Pierre P 1 
BP42iii Syenite Pl+Ol+Hd+AF Am*+Mt+Ap+Q St Pierre P 1 
5.2.3 Petrography of hvpabyssal xenoliths and intrusives 
Hypabyssal xenoliths are split into two main categories: 
1. Marc hypabyssal xenoliths consist of olivine gabbros, gabbros, diorites and 
syenogabbros (Table 5.2). Major phases are plagioclase (26-60%), saute (10-40%), 
magnetite (5-24%), olivine (0-13%) and alkali feldspar (0-30%), with minor biotite ± 
amphibole ± apatite ± rutile. Phenocryst phases are plagioclase anchor alkali feldspar 
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± pyroxene ± olivine ± magnetite. Feldspar phenocrysts are 2mm to 1cm in length 
and commonly show strong normal and oscillatory zoning (Plates 5.6A-B; Plates 
5.7A-B); sector zoning is occasionally observed in pyroxenes (Plate 5.8A) and 
olivines. In some xenoliths, resorbed plagioclase xenocrysts are present, with alkali 
feldspar rims. Matrix phases with maximum long axis length 0.1-1mm are salite + 
magnetite + plagioclase ± olivine ± alkali feldspar ± apatite ± rutile. Ophitic or 
subophitic textures are commonly observed, with pyroxene and/or magnetite 
oikocrysts 0.5cm to 1.2cm in diameter enclosing all other phases (e.g. Plates 5.6C-D, 
5.7A-B). 
Table 5.2: 	Phase assemblages in mafic hypabyssal xenoliths. 	Ol=olivine; Sal=salite; 
Pl=plagioclase; AF=alkali feldspar; Am=amphibole; Bi=biotite; Mt=magnetite; Ilm=ilmenite; 
Ap=apatite; Q=quartz; Rut=rutile. *Denotes  obvious alteration product of another phase. 
Rock Assemblage: Formation and 
Sample composition 1. Major 2. Minor unit 
constituents constituents 
(>5% by (<5% by 
volume) volume) 
BP104 Olivine gabbro Ol+Pl+Sal+Mt St Louis 
BP100 Olivine gabbro Ol+Pl+Sal+Mt Bi* St Pierre P 1 
BP130 Olivine gabbro Ol+Pl+Sal+Mt St Gilles G2 
BP42ii Gabbro Pl+Sal+Mt Ol+AF St Pierre P 1 
BP198 Gabbro P1+Sal+Mt Ap+Rut Salazie Sal3 
BP58b Gabbro Pl+Sal+Mt Ol+AF+Ap Salazie Sal3 
BP128 Gabbro Pl+Sal+Mt St Pierre P2 
BP13 Gabbro Pl+Sal+Mt Ap Dalle Soudée D52 
BP50a Gabbro P1+Sal+Mt St Suzanne S2 
BP63 Gabbro Pl+Sal+Mt AF+Ap Salazie Sal3 
BP203 Gabbro Pl+Sal+Mt Am+Bi*+Ap St Suzanne S2 
BP58a2 Diorite Pl+Sal+Mt Ap Salazie Sal3 
BP50b Syenogabbro Pl+Sal+AF Am+Bi+Ap+Q+Mt St Suzanne S2 
There is abundant evidence for temperature- or fluid-influenced alteration. Some 
xenoliths, interpreted as homfelses, contain granulated regions with 120° grain 
boundaries (cf. Plates 5.6A-B), evidence that they have achieved textural 
equilibrium. Alkali feldspars are exsolved, turbid and full of microscopic inclusions; 
plagioclases may also display the latter two characteristics. Magnetites are exsolved 
and may display late, marginal biotite overgrowths. Pyroxenes become cloudy and 
full of microscopic inclusions (Plate 5.8A); unlike those from microsyenite xenoliths 
and mafic cumulate xenoliths, they were not observed to be partly altered to 
amphibole. Olivines may be rimmed by iddingsite, occasionally being replaced 
completely (Plates 5.6A-B). 
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2. Felsic hypabyssal xenoliths are microsyenites/alkali microsyenites, commonly 
porphyritic (Table 5.3). They frequently contain normally-zoned plagioclase 
phenocrysts, occasionally showing evidence for resorption, with late alkali feldspar 
overgrowths (e.g. BP127b; Plates 5.10A-B). One sample (BP95, Plate 5.813) 
contains phenocrysts of unzoned alkali feldspar; green, pleochroic hedenbergite; 
fayalite and magnetite. Other phenocryst phases in microsyenite xenoliths include 
apatite (Plate 5.1OC) and amphibole. 
Glomeroporphyritic texture is common (Plates 5.8A-B). The matrix assemblage 
consists of ternary feldspar (54-86%), magnetite (0.4-15%), ferrosalite to 
hedenbergite pyroxene (1-30%) fayalite (0-5%), amphibole (0-10%) and biotite (0-
5%), with minor apatite ± quartz, zircon, and ilmenite (Table 5.2). Ternary feldspars 
often have multiply twinned oligoclase-anorthoclase cores (Plates 5.9C, 5.I0C) and 
turbid, altered rims. 
As with the mafic hypabyssal xenoliths, the samples display varying degrees of 
temperature- or fluid-influenced alteration. Texturally, there is a spectrum between 
xenoliths containing granular - regions (e.g. the matrix of homfels BPI27b with 
120° grain boundaries, Plates 5.10A-B), and those which appear completely 
unaltered (e.g. Sample BP95 preserves a glomeroporphyritic, trachytoidal texture; 
Plate 5.813). The ternary feldspars may be completely unaltered (Plate 5.813) or 
turbid, with abundant microscopic inclusions (Plates 5.9A-C, 5. 10C-D). Pyroxenes 
display secondary zoning, with dark-green sodic rims (Plates 5.813, 5. 1OD) or rims of 
brown, pleochroic amphibole (Plate 5.10C). In many samples, hydrous phases have 
formed at the expense of other ferromagnesian minerals, notably magnetite and 
pyroxene. 
Two microsyenite intrusions were sampled (the "La Chapelle" Syenite, Cilaos 
Cirque, described by Upton and Wadsworth, 1972a; Nativel, 1977; and Rocher, 
1988; and a cone-sheet from Col de Talbit). They contain ternary feldspar (80-85%), 
amphibole (7-10%) and quartz (3-8%), with minor magnetite, aegirine-augite and 
calcite (Plate 5.9A). It has been suggested that calcite and quartz are primary (Upton 
and Wadsworth, 1972a). 
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Table 5.3: 	Phase assemblages in microsyenite xenoliths and intrusives. 	Ol=olivine; 
Hd=ferrosalite to hedenbergite; SaI=salite; Aeg=aegirine-augite; Pl=plagioclase; AF=alkali feldspar; 
Am=amphibole; Bi=biotite; Mt=magnetite; IIm=ilmenite; Ap=apatite; Q=quartz; Cc=calcite; 
Zr=zircon; Sph=sphene. *Denotes obvious alteration product of another phase 
Sample Rock Assemblage: Formation 
composition 1. Major 2. Minor constituents and unit 
constituents (<5% by volume) 
(>5% by 
volume) 
Felsic hypabyssal xenoliths 
BP103 Syenite Pl+AF+Ol+Sal+Mt Ap+Bi St Pierre P2 
BP127 Syenite Pl+Sal+AF OI+Am+Bi+Mt+Ap St Pierre P 1 
BPI14a Syenite Pl+Sal+AF OI+Am*+Bi+Mt+Ap+Q+Zr St Pierre P 1 
BP42 Syenite Pl+Sal+AF+Mt OI+Am*+Bi+Ap+Zr St Pierre P 1 
BPI lOa Syenite Pl+Sal+AF+Mt 01+Bi+Ap St Pierre P1 
BP88 Syenite PI+Sal+AF+Mt Am+Bi*+Ap+Q+Zr St Pierre P2 
BPI03b Syenite Pl+Sal+AF+Mt Bi*+Ap+Q St Pierre P2 
BP42c Syenite Pl+Sal+AF+Mt Ap St PierreP 1 
BPI lOb Syenite 01+Pl+Hd+AF+Mt Ap+Q St Pierre P 1 
BP103 Syenite Ol+Pl+Hd+AF+Mt Bi*+Ap St Pierre P2 
BPI 13 Syenite P1+Hd+AF Ol+Bi+Mt+Ap+Ilm+Q St Pierre P 1 
BP98 Syenite P1+Hd+AF Ol+Am+Mt+Ap+Q St Louis 
BP42iv Syenite Pl+Hd+AF 01+Am+Bi*+Mt+Ap+Q St Pierre P 1 
BP87 Syenite Pl+Hd+AF 01+Am+Bi+Mt-+-Ap St Pierre P2 
BP95 Syenite Hd+AF Ol+Am+Bi+Mt+Ap St Louis 
BP42a Syenite Hd+AF 01+Am+Bi*+Mt+Ap St Pierre P1 
BP89 Syenite P1+Hd+AF+Am* 01+Mt+Ap+Q St Pierre P1 
BP127b Syenite Pl+Hd+AF+Mt Bi*+Ap St Pierre P 1 
BP42i Syenite Pl+Hd+AF Bi+Mt+Ap+Q St Pierre P1 
BP42b Syenite Pl+Hd+AF Am+Bi*+Mt+Ap+Q St Pierre P1 
BP42v Alkali syenite Sal+AF+Mt Pl+01+Am+Bi*+Ap+Q St Pierre P1 
BPI08 Alkali syenite Pl+Hd+AF Ol+Bi*+Mt+Ap+Zr+Sph St Pierre P1 
Felsic hypabyssal intrusions 
BP48 Quartz syenite P1+Am+Q Mt+Aeg+Cc+Ap La Chapelle 
5.2.4 Origin of mafic and felsic cumulate xenoliths in Phase IV deposits 
Mafic and felsic cumulate xenoliths are interpreted as Phase IV magma-chamber 
wall- or roof-rocks. Roof-rock cumulates are the most likely to appear as cognate 
xenoliths in pyroclastic deposits, as they would naturally be expected to be disrupted 
during an explosive eruption (cf. Widom et al., 1993). All the sampled xenoliths are 
orthocumulates; compositions of cumulus phases are consistent with crystallisation 
from Phase IV magmas. 
Alteration of cumulate xenoliths frequently produced a hydrous assemblage, with 
biotite growing on the margins of magnetite crystalS and amphibole growing at the 
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Table 5.4: Modal analyses of Phase IV xenoliths. AF:alkali feldspar; P1=plagioclase; Fs(Tot)=total feldspar; Ol=olivine; Cpx=clinopyroxene; Mt=magnetite; 
Ilm=ilmenite; Alt. FeMg=altered ferromagnesian minerals and glass; Cc=calcite; Q=quartz; Zr=Zircon; Ves=vesicles; Ap=apatite; Am=amphibole; Bi=biotite; Tr 
(trace) denotes <0.1% by volume; * denotes estimated by eye.  
AF P1 Fs 01 Green Pink Mt Alt. 	Cc Q Zr 	Ap Am Bi Ves 
(Tot) Cpx Cpx +llm FeMg 
Ultramafic cumulates 
BP3 	 - Tr - 92 - Tr - 8 	- - - 	 - - Tr - 
Marc cumulates 
BP134 	- 85.5 - 5.8 - 2.3 4.8 - 	 - - - 	 1.2 - 0.1 - 
BP62b - 59.8 - 3.5 - 25.8 6.7 3.8 - - - 	 - - - - 
BP62a 	- 61.7 - 1.2 - 28 7.8 1 	- - - 	 - - - - 
BP115 - 36.4 - 1 - 46.7 12.4 3.1 - - - 	 Tr Tr - - 
BP138 	- 55 - Tr - 25 20 - 	 - - - 	 - Tr Tr - 
BP127a - 74.6 - Tr - 17.7 5.3 2.2 - - - 	 Tr - Tr - 
BP69a 	- 12.9 - - - 29.2 53.4 2.2 	- - - 	 Tr - - 1.9 
BP65* - 80 - - - 10 10 - 	 - - - 	 Tr - Tr - 
BP114b 	- 67.6 - - - 21.1 	. 5.6 2.8 - - - 	 1.1 - Tr 2.2 
BP58a* - - 60 - - 30 8 - 	 - - - 	 2 - Tr - 
BP11Od 	- - 64.5 - - 18 8.3 6.3 - - - 	 0.1 - - 2.5 
BP60 17.6 43 - - - 15.7 5.2 16.8 	-. - - 	 1.1 - - - 
BP59 	27.5 51.2 - - - 10.2 5.5 3.8 - - - 	 Tr - - 1.2 
Felsic cumulates 
BP110c* 	 - - 85 5 4 - 3 - 	 - - - 	 Tr 3 - - 
Microsyenite intrusion (La Chapelle sill) 
BP48 	- - 80.6 - 0.9 - 1.1 - 	 0.4 8.1 - 	 - - 8.9 - 
BP48 - - 85 - 0.9 - 2.9 - 	 - 3.6 - 	 - - 7.6 - 
BP48 	- - 80.9 - 1.3 - I - 	 0.6 6.4 - 	 - - 9.8 - 
Table 5.4 (cont) 
AF P1 Fsp 01 Green Pink Mt Alt. Cc 	Q Zr Ves Ap Am Bi 
(Tot) Cpx Cpx +llm FeMg 
Mafic hypabyssal xenoliths 
BP104 - 56.6 - 12.5 - 20.9 9.5 - - 	 - - - - - 0.1 
BP100* - 55 - 10 - 25 10 - - 	 - - - - Tr - 
BP130 - 59.1 - 7.9 - 18 8.3 4 - 	 - - - - - 2.2 
BP42ii - - 56.3 4.8 - 21.4 8.7 0.9 - 	 - - - - - 7.1 
BP198 - 26.5 - - - 39.2 23.4 10.6 - 	 - - - - - - 
BP128 - 54.6 - - - 27.3 12.1 5.8 - 	 - - - - - - 
BP13 - 58.6 - - - 16.9 13.9 7.3 - 	 - - 2.3 - - - 
BP50b 44.8 37.7 - - 9.2 - 4.6 - - 	 3 - - 0.1 Tr Tr 
BPSOa* - - 60 - - 30 10 - - 	 - - - - - - 
Microsyenites 
BP103* - - 70 5 - 10 10 - - 	 - - 5 Tr - Tr 
BP127 64 11.1 - 2.4 - 11.3 4.7 5.2 - 	 - - 0.8 0.1 Tr Tr 
BP42v* 68.5 Tr - 0.5 - 20 5 - - 	 Tr - - 1 Tr 5 
BP114a 68.7 12.5 - 0.4 - 6.4 4.6 6.7 - 	 Tr Tr - 0.5 Tr Tr 
BP42 66.8 13.4 - 0.2 - 4.1 4.9 9.8 - 	 - Tr - 0.4 Tr Tr 
BP110a 58.5 20.7 - 0.1 - 10 8.5 - - 	 0.1 0.1 1.3 0.1 - Tr 
BP88* - - 75 - - 5 15 - - 	 Tr Tr - Tr Tr 5 
BP103b* - - 70 - - 20 8 - - 	 Tr - - 1 - I 
BP42c - - 54.7 - - 26.8 11.1 1.4 - 	 - - 5.7 0.1 - - 
BP110b* - - 65 15 10 - 10 - - 	 Tr - - Tr - - 
BP113* 40 20 - 2 30 - 5 - - 	 Tr - 2 Tr - 
BP98 66.9 11.5 - 0.9 5.8 - 2.4 - - 4.5 - - Tr 5 - 
BP95 83.9 - - 1.6 2.7 - 1.2 6.7 - 	 - - - Tr 6.1 Tr 
BP108 80.6 4.5 - 0.1 10.9 - 3.6 0.1 - 	 - Tr - Tr - Tr 
BP89* - - 80 Tr 8 - 1 - - 	 - - - Tr ID - 
BP127b* - - 60 - 25 - 10 -- - - 	 - - - 1 - 4 
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Fig. 5.2: Modal analysis of coarse-grained Phase IV xenoliths. A: Cumulate xenoliths 
(mostly mafic). * denotes ultramafic; **denotes  felsic. B:Mafic hypabyssal xenoliths C: 
Microsyenites: Three analyses of BP48 give reproducibility. BP48 is from the La Chapelle 
intrusion. 
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expense of pyroxene; the process responsible must therefore have involved the 
intervention of a fluid-rich phase such as circulating hydrothermal fluid. Such a 
process may also render potassium-rich ternary feldspars turbid while having no 
significant effect on more calcic ternary feldspars in the same xenoliths. These fluids 
may significantly have altered the whole-rock chemistry of the xenoliths in a manner 
similar to that observed by Widom et al. (1993) at Agua de Pao volcano, Azores. 
Iddingsitisation of olivine is probably post-magmatic. 
5.2.5 Origin of ultramafic cumulates (dunites) 
Ultramafic dunite xenoliths contain olivines and pyroxenes too magnesian to have 
been derived from any erupted Differentiated Series magmas. Either they were 
accidental, derived from a pluton associated with Phase I or H, or they represent a 
very primitive magma input during Phase IV. The former case (derivation from an 
already-crystalline pluton) is favoured, given: 
the lack of any other evidence for Phase IV magmas more primitive than hawaiite; 
and 
the similarity in composition between the observed phases in dunite xenoliths and 
phenocryst phases in oceanite series lava-flows (see Upton and Wadsworth, 1972; 
Nativel, 1977). 
DS3 is found at high altitudes (>2500m above sea-level) on the northern and western 
flanks of Piton des Neiges. Ultramafic cumulates related to Phase I and II are found 
in the Salazie Cirque, at circa 500m above sea-level, and provide an estimate of the 
shallowest level of peridotite intrusion in the interior of the volcano. The fact that 
such an evolved, low-density mugearite magma bears dense, peridotite xenoliths, 
which must have been carried from an estimated minimum depth of 2km below its 
vent location, testifies to the extreme violence of its eruption. 
5.2.6 Origin of mafic and felsic hypabyssal xenoliths 
From their assemblages, hypabyssal gabbro and microsyenite xenoliths crystallised 
from (frequently porphyritic) Phase IV magmas, and are inferred to represent 
previous injections of magma into relatively small, bodies such as the La Chapelle 
sill. Many microsyenites contain quartz, fayalite and magnetite; suggesting that they 
crystallised at oxygen fugacities close to the QFM buffer. 
5.2.7 Relationship between xenoliths and location 
Although a variety of xenoliths was sampled from each formation, the number of 
xenoliths was too low for differences between deposits to be statistically significant. 
No xenoliths from the upper flow-unit of the Salazie Formation were sampled. 
5.3 Mineral chemistry of coarse-grained Phase IV xenoliths 
5.3.1 Olivines 
The range of forsterite contents in olivines from Phase IV xenoliths is shown in Fig. 
5.3. The most forsterite-rich olivines (Fo>85) are those from ultramafic cumulate 
xenoliths from Dalle Soudée Formation unit DS 3 . Mafic cumulate xenoliths contain 
olivines from F08535 , the most fayalitic of which occur in BPI 72b (uncompacted, 
glass-rich diorite nodule from the St Pierre Formation). Olivines from mafic 
hypabyssal xenoliths show a more restricted range of compositions of F0 4842 . 
Microsyenite xenoliths contained more iron-rich olivines with Fo 172. Olivines from 
felsic cumulate xenoliths were only available from one sample (BPI lOc) and fall 
within this range. 
Mn, Fe and Mg contents of olivines from Phase IV xenoliths are plotted in Fig. 5.4. 
A trend similar to that observed in juvenile pumice, fiamme and lavas is observed. 
Olivines increase in iron and manganese continuously with increasing degree of 
differentiation. As in the case of the juvenile pumices, olivines do not become 
enriched in manganese at the expense of iron. This is consistent with evolution of a 
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Fig. 5.3: Range of forsterite contents in olivines from Phase IV xenoliths. UC=ultramafic 
cumulates; MC=mafic cumulates; MH=mafic hypabyssal xenoliths; FH=felsic hypabyssal xenoliths; 
FC=felsic cumulate xenoliths. Cores and rims of crystals are indicated by c and r. 
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silica-oversaturated series by fractional crystallisation at oxygen fugacities close to 
the QFM buffer. 
The calcium content of olivines from hypabyssal Phase IV xenoliths increases with 
increasing differentiation, a trend shared with olivines from juvenile pumices, 
fiamme and lavas (Fig. 5.5). Most analyses from hypabyssal xenoliths fall into the 
field of volcanic olivines of Simkin and Smith (1970). Olivines from cumulate 
xenoliths nearly all fall into the field of plutonic olivines of Simkin and Smith 
(1970). Olivines in microsyenites with low calcium content are phenocrysts which 
crystallised at depth before the magma was intruded to high levels. 
0.8 
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Fo 
Fig. 5.5: Graph of Ca (wt%) vs forsterite content of olivines from Phase IV xenoliths, indicating 
fields of volcanic and plutonic olivines of Simkin and Smith (1970). 
5.3.2 Pyroxenes 
Pyroxenes from Phase IV xenoliths were recalculated on the basis of cations to 6 
oxygens. Fe 3 was calculated, assuming that total Fe 3 was the same as total Na (i.e. 
that all Na and Fe3 were present as the acmite component NaFe 3 Si2O6). Fe2 was 
then calculated by subtracting this value from total Fe per 6 oxygens (method from 
Robinson, 1980). 
Pyroxenes from coarse-grained Phase IV xenoliths are plotted on the pyroxene 
quadrilateral in Fig. 5.6. Hedenbergite component is calculated as (total 
Fe+Mn)/(Fe+Mg+Mn). All of the pyroxenes are high-calcium clinopyroxenes, 
compositionally close to the diopside-hedenbergite join. The most magnesian 
clinopyroxenes are those of ultramafic cumulates from the Dalle Soudée Formation. 
Mafic cumulates contain salites with less than 50% hedenbergite. Mafic hypabyssal 
xenoliths contain a more restricted range of compositions, lying within this range. 
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Microsyenites contain ferrosalites to hedenbergites; in contrast to iron-rich pyroxenes 
from juvenile pumices, fiamme and lavas (see section 4.3.2), those from the xenoliths 
show some enrichment in the acmite component, NaFe 3 Si2O6 . 
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Fig. 5.6: Pyroxenes from coarse-grained Phase IV xenoliths plotted in terms of the components 
Fs-Wo-En. Iron -rich pyroxenes from microsyenites have variable contents of NaFe3 Si2O6 
causing them to project towards the Fs apex. 
This process is illustrated in Fig. 5.7, in which pyroxene compositions are plotted in 
terms of the cations Mg 2 , Fe2 +Mn and Na. The main pyroxene trend, observed in 
other silica-oversaturated suites known to have evolved at low f0 2 , is one of strong 
iron-enrichment; analyses which indicate significant acmite component are from dark 
green cracks in, and rims to, pyroxenes from felsic hypabyssal xenoliths (Fig. 5.7B). 
Fig. 5.8 shows Al 11 vs Ti in pyroxenes from Phase IV xenoliths (see section 4.3.2). 
Pyroxenes from felsic cumulates have the lowest observed Al and Ti contents; 
pyroxenes from their hypabyssal counterparts have uniformly higher Al and Ti; 
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Fig. 5.7: Pyroxenes from coarse-grained Phase IV xenoliths and hypabyssal intrusives plotted 
in terms of molecular N a F+ + Mn-Mg. A General graph showing all analyses from Phase IV 
xenoliths and intrusive units B: Zoned crystal from microsyenite xenolith BP98 illustrating 
secondary enrichment in the acmite component. 
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pyroxenes from mafic xenoliths have the highest Ti and Al contents. As is the case 
for juvenile fiamme, pumices and lavas, Ti content shows positive correlation with 
Al[,] according to the equation Al []=2Ti, confirming coupled substitution of these 
elements by the relation M 2 +2Si4 =Ti4 +2Al3 in the CaTi-Tschermak's component 
CaTiAI 206. Points lying to the Al-rich side of the line contain the Ca-Tschermak's 
(CaTs) molecule CaAl 2SiO6 . 
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Fig. 5.8: Graph of Al [,] vs Ti in clinopyroxenes from Phase IV xenoliths. Al [,] calculated as 
AI[]=2.Si. Points falling above the line Al[ z]=2Ti are analyses of the La Chapelle intrusion from 
Nativel (1977). Arrow indicates increasing CaTs component as shown, thought to be related to 
increasing pressure of crystallisation. 
High CaTs component in pyroxenes may be taken to indicate crystallisation at high 
pressure (Yagi and Onuma, 1967; Dobosi et al., 1991); pyroxenes from mafic 
cumulates are significantly richer in this molecule than their hypabyssal counterparts, 
confirming that the cumulates crystallised at higher pressure. 
Fig. 5.9 A and B show major-element variations in pyroxenes from Phase IV 
xenoliths during fractionation (plotted as MgI[Mg+Fe]). As fractionation proceeds, 
there is an increase in Fe 2 and Mn2 ; a slight increase in Nat; and a decrease in Ti 4 , 
AI 3 and Mg2 . Increases in Ti4 and Na, and decreases in Ca 2 , Mn2 and Fe2 , 
attributed to enrichment in the acmite component, may be observed towards the iron-
rich end of the graphs. Fe 3 has not been plotted as it was assumed to be identical to 
Na. Pyroxenes from mafic xenoliths have lower Si and Mn and higher Ti and Al 
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Fig. 5.9A: Element variation in pyroxenes from coarse-grained Phase IV xenoliths; cations 
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Fig. 5.9B: Element variation in pyroxenes from coarse-grained Phase IV xenoliths; cations 
calculated to 6 oxygens. 
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5.3.3 Feldspars 
Feldspars from Phase IV xenoliths were recalculated to 32 oxygens and then cast in 
terms of albite, anorthite and orthoclase components. Compositions range from 
bytownite with c. 90% An to sodic sanidine with c. 70% Or (Fig. 5.10). 
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Fig. 5.10: Feldspars from coarse-grained Phase P1 xenoliths and hypabyssal intrusions plotted 
in terms of the components Ab-An-Or. Scatter in the Ab-Or dimension is due to exsolution of 
alkali feldspars. 
Feldspars from felsic xenoliths span this entire compositional range (Fig. 5.11). The 
most calcic analyses (labradorites to bytownites) were all from cores of resorbed 
plagioclase xenocrysts in microsyenites, some of which are overgrown by ternary 
feldspar (e.g. BPI27b, see Fig. 5.12 and Plate 5.10). Felsic cumulates and the 
matrices of microsyenites contain ternary feldspars, mainly: (i) K-anorthoclase (with 
30-40% orthoclase component), all of which were from St Louis Formation syenite 
xenoliths BP95 and BP98; (ii) potassic oligoclase-anorthoclase (with 10-25% 
orthoclase component) and (iii) andesine-oligoclase (with c. 30% anorthite 
component). Many ternary feldspars are exsolved (especially in the syenite 
cumulates) ranging from almost pure Ab to c. 70% Or. 
Feldspars from mafic xenoliths display a more restricted compositional range. The 
majority are plagioclases An 90-An40; a single analysis with An 20 is from the sodic rim 
[II 
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of a zoned crystal. A single alkali feldspar was analysed; this was a resorbed Ca-K-





• Core compositions; zoned plagioclase, cumulate syenogabbro BP60. 
A Corecompositions; zoned xenocrysts from microsyenite BP127b 
G Rim compositions; zoned plagioclase, cumulate syenogabbro BP60 
Overgrowths; zoned xenocrysts from microsyenite BPI 27b 
Matrix feldspars from microsyenite BPI 27b 
Fig. 5.11: Maximum extent of zoning in feldspars from representative coarse-grained Phase IV 
xenoliths, in terms of the components Ab, An and Or. Core and rim compositions as shown. 
In contrast to the generally homogeneous feldspars from juvenile pumices and 
fiamme, feldspars from Phase IV xenoliths are frequently zoned. In the majority of 
cases, zoning patterns are parallel to crystal faces or to relict edges of resorbed 
xenocryst cores, and are therefore interpreted to represent primary (growth) zoning. 
Fig. 5.11 shows the maximum extent of zoning in feldspars from representative 
coarse-grained Phase IV xenoliths. The majority display strong normal zoning with 
sodium- and potassium- rich rims. This trend is overprinted by oscillations in K-Ca 
content (Fig. 5.12). 
Many xenoliths contain two feldspars; these two phases are not considered to be in 
equilibrium with each other in any of the mafic xenoliths examined, where one 
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Fig.5.12: Feldspar zoning profiles from selected coarse-grained Phase IV xenoliths. 
Analyses are numbered sequentially and were taken at 5 micron intervals. A: Feldspars 
from the matrix of microsyenite xenolith BPI 27b (St Pierre Formation). First analysis 
approximately 10 microns from the edge of crystal. B: Resorbed plagioclase xenocryst with 
alkali feldspar overgrowth from BPI 27b. First analysis approximately 15 microns from the edg 
of the crystal. C. Zoned plagioclase from cumulate gabbro xenolith BP60 (Salazie Formation). 
First analysis approximately 15 microns from the edge of the crystal. 
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feldspars with a range of compositions; these were not observed to form two discrete 
fields. 
Altered rims of 
large xenocrysts in 
O2  
St Louis Formation 
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-4 	 -2 	 0 	 2 
K-Ca (fractionation index) 
Fig. 5.13: Fe content of feldspars from coarse-grained Phase 1V xenoliths versus K-Ca 
(fractionation index). Fe content in feldspars decreases with increasing degree of fractionation of the 
melt. Symbols as for Fig. 5.10. 
Iron contents of feldspars from coarse-grained xenoliths correspond closely to those 
observed in juvenile material (Fig. 5.13), with an overall trend of decreasing iron 
content as fractionation proceeds. Analyses not conforming to this trend are confined 
to the rims of altered xenocrysts. Feldspars were not analysed for barium. 
5.3.4 Iron-titanium oxides 
Titanomagnetite analyses were calculated to 32 oxygens and ilmenite analyses to 6 
oxygens using the method of Droop (1987). Magnetites have exsolved ilmenite; 
resulting analyses fall to the Fe 2 poor side of the magnetite-ulvaspinel solid solution 
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Fig. 5.14: FeTi oxides plotted as proportions of the components FeO, Ti02 and Fe20 3. High Mn 
values result in the data points projecting towards the Ti02 apex. Ilm=ilmenite; Usp=ulvospinel; 
Hem=hematite; Mt=magnetite. 
Ilmenites from microsyenites lie close to the ilmenite end-member on the Jim-Hem 
join. Magnetites from mafic cumulates are relatively poor in titanium; magnetites 
from BPI 72b (uncompacted diorite nodule) and from mafic hypabyssal xenoliths are 
richer in the ulvospinel component. Magnetites from microsyenite xenoliths and 
from the La Chapelle microsyenite intrusion plot between these two extremes, 
parallel to the Mt-Usp join. The high-Fe 203 analyses from BP172b were from a 
strongly oxidised, resorbed, exsolved xenocryst. 
The concentrations of minor components in FeTi oxides are strongly dependent on 
the composition and temperature of the crystallising melt (Haggerty, 1976). Acidic 
suites tend to contain oxides with higher manganese content than basic suites. 
Ilmenite analyses from microsyenites lie on the Mg-Mn join, close to the Mn-rich 
end-member (Fig. 5.15). Magnetite analyses from mafic xenoliths, including 
BPI72b, are richer in Mg and Al. Microsyenite xenoliths and the La Chapelle 
intrusion contain magnetites with higher Mn than mafic xenoliths. 
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Fig. 5.15: FeTi oxides from coarse-grained Phase IV xenoliths and intrusives plotted in terms of 
the minor constituents Mn-Al-Mg. 
5.3.5: Amphibole chemistry 
The majority of amphiboles found in the coarse-grained xenoliths are interpreted, 
from textural relationships, to be alteration products of pyroxenes. Amphiboles from 
a selection of xenoliths were analysed and compared with each other and data from 
the La Chapelle microsyenite sill (Native], 1977). Analyses were recalculated to 23 
oxygens and plotted (Fig. 5.16) in terms of the end-members (Mg), (Fe+Mn), and 
(Na+K). 
The trend observed in amphiboles from the xenoliths is similar to that observed in 
other silica-oversaturated alkalic series (Larsen, 1976), showing that Na substitution 
is controlled by silica activity. Amphibole analyses from the La Chapelle 
microsyenite are have significantly lower Fe/Mg ratio than those from Phase IV 
xenoliths (data of Native!, 1977). 
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Amphiboles from microsyenite xenoliths fall into discrete fields referred to as Group 
I and Group H. Group I amphiboles are all from xenoliths where amphiboles are 
secondary i.e. have a reaction relationship with pyroxene (BP42, BPI 14a and BP89). 
They are edenite-katophorites with some tscherinakite component (cf classification 
of Leake, 1978; fig. 5.17A). Group H amphiboles are from xenoliths where the 
amphibole is not in any obvious reaction relationship, and may be inferred to be 
primary (BP98, BP95). They lie on the katophorite-arfvedsonite join; most are 
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Fig. 5.16: Amphiboles from coarse-grained Phase IV xenoliths and intrusives. Data for La 
Chapelle syenite intrusion from Native], 1977. Group I and II amphiboles as shown. Arrow indicates 
trend observed in other silica-oversaturated alkaline series (Larsen, 1976). 
Amphiboles from felsic cumulate BPI lOc are secondary. Like Group I (secondary) 
amphiboles, they are edenite-katophorites, but they have slightly lower tschermakite 
component, and fall midway between the fields defined by the two groups of felsic 
hypabyssal xenoliths in terms of their Fe/(Fe+Mg) ratio (Fig. 5.17B). Amphiboles in 
mafic cumulates are also secondary; they are pargasite-hastingsites with some 
tschermakite and katophorite components, which have a higher Fe/(Fe+Mg) ratio 
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Fig. 5.17: Amphiboles from coarse-grained Phase IV xenoliths and intrusives. A: plot of 
Si+Na+K versus Ca + Al [4] (combining low-Ca and high-Ca plots after Becker, 1984). 
Amphiboles from microsyenite xenoliths may be split into Groups I and II as shown. B: Plot of 
FeJ(Fe+Mg) versus Al[4] , showing that amphiboles from the La Chapelle syenite have much 
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Fig. 5.18: Amphiboles from coarse-grained Phase IV xenoliths and intrusives. A. Na 
versus K and Ca. Ca is negatively correlated with Na, with a gradient close to -1. Contoured 
for Ca=3-Na and Ca=2-Na. B. Ca versus AI [4] . Amphiboles from Group II microsyenite 
xenoliths lie on a line with gradient close to +1, confirming operation of the coupled substitution 
CaAI=NaSi. Amphiboles from felsic cumulates and Group I microsyenite xenoliths lie on a line 
with gradient +2, implying the coupled substitution Ca, 2A1 [4] =Na, 2Si 
126 
and fall into two discrete groups; brown amphiboles are katophorite-richterites with 
iron-rich rims, and green amphiboles are richterite-arfvedsonites with iron-rich rims 
(Nativel, 1977). Amphiboles rich enough in titanium to be classified as kaersutites 
have been reported from other late-stage trachyte and syenite intrusives and lavas 
from Piton des Neiges (Nativel, 1977); none were found in xenoliths investigated in 
this study. 
Fe-Mg substitution in the Y site [where amphiboles are represented by the formula 
AX2Y5Z8022(OH,F) 2 1 is the main process distinguishing amphiboles from La 
Chapelle intrusion from amphiboles with comparable Ca, Na, K and Al [4] from 
microsyenite xenoliths; the latter have much higher Fe/(Fe+Mg) ratios (Fig. 5.16; 
Fig. 5.1713). Na-Ca substitution in the X site is an important process in both coarse-
grained xenoliths and intrusives; Ca is negatively correlated with Na (Fig. 5.18A), 
with a gradient close to -1. On a Ca versus A1 [4] plot ( Fig.5.18B), primary 
amphiboles (from Group II felsic hypabyssal xenoliths and the La Chapelle syenite) 
lie on a line with a gradient of +1, confirming operation of the coupled substitution 
CaA1=NaSi. Secondary amphiboles (from felsic cumulates and Group I felsic 
hypabyssal xenoliths) form a line with a gradient of +2, implying operation of the 
coupled substitution Ca,2A1 [4]=Na,2Si. 
An A1 [4] versus Al[tOt ] plot shows that most aluminium is tetrahedrally co-ordinated 
(Fig. 5.19). In some amphiboles (e.g. from the La Chapelle microsyenite), Al [4] 
calculated by the relation A1 [4]=2-Si exceeds total aluminium. This is less likely to 
represent a real vacancy than analytical error. Na and K increase with increasing 
(Fe+Mn)/(Fe+Mn+Mg) (Fig. 5.16; Fig. 5.18A), due to both Na-Ca substitution and 
increasing A site occupancy by Na and K. 
The relationship between amphiboles from the La Chapelle intrusion and other Phase 
IV amphiboles is unclear; most of the differences observed on the graphs could be 
resolved by increasing the Fe/(Fe+Mg) ratio, and it is not known to what extent they 
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Fig. 5.19: AI [tot] versus AI[4] in amphiboles. Where AI[4] =2-Si. Dotted line is best fit regression 
line Al[4]=-0.6+1 .OlAl[ O J; solid line represents A1[4]=A1[ t0t]. Regression coefficient = 0.99. Most Al 
is tetrahedrally coordinated. 
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5.4 Summary 
Coarse-grained cumulate xenoliths provide additional information about the 
processes operating at magma-chamber margins during fractional crystallisation. A 
suite of cumulate and hypabyssal xenoliths from Phase IV pyroclastic deposits were 
examined. Both cumulate and hypabyssal xenoliths may be inferred from their 
mineral chemistry to represent high-level intrusive products from Phase IV magmas. 
Hydrous assemblages, rare in the juvenile eruptives, are common in hypabyssal 
Phase IV xenoliths and intrusives. 
Phase IV xenoliths are divided on the basis of their modal mineralogy into the 
following groups: 
Ultramafic cumulates:- represented by dunite cumulates from the Dalle 
Soudee Formation and judged to be products of Phase I or II magmatism. 
Mafic cumulates:- including gabbros, diorites, and syenogabbros. They 
display evidence that they crystallised at higher pressures than their hypabyssal 
counterparts including: (1) higher Ca content in olivines and (2) larger degree of 
CaTs substitution in pyroxenes. One sample (BP172b) was fresh and uncompacted, 
containing fresh glass. 
Felsic cumulates:- represented by syenites 
Mafic hypabyssal xenoliths:- including olivine gabbros, gabbros, diorites 
and syenogabbros with porphyritic, ophitic and subophitic textures. 
Felsic hypabyssal xenoliths:- including microsyenites and alkali 
microsyenites, often containing resorbed xenocrysts of calcic plagioclase (e.g. 
BPI 27b). They frequently display evidence for fluid-influenced alteration, including 
secondary zoning of pyroxenes, feldspar turbidity and exsolution, and hydration of 
primary phases. 
Overall mineral chemical trends are consistent with evolution of Phase IV xenoliths 
by fractional crystallisation from a silica-oversaturated parental magma at oxygen 
fugacities close to the QFM buffer. 
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PLATE 5.1 
Plate 5.1: Cumulate gabbro xenoliths. 
Immature cumulate gabbro xenolith BP172b (St Pierre Formation). Note abundant pore 
space (VIES) and clean interstitial glass (GL). Crystalline phases visible in this slide are ferrosalite 
(FS); olivine (OL); andesine feldspar (AND) and apatite (AP; hexagonal crystals to the lower left 
hand side of prominent gas bubble). Ppl, x 20. 



















Plate 5.2: Cumulate gabbro xenoliths. 
A: Cumulate gabbro xenolith BP127a (St B: Same view as A, xpl. Interlocking network 
Pierre Formation). Ppl, x 12. 	 of cumulus, zoned feldspars (FSP); apatite 
(AP); magnetite (MT), altering to biotite (B!); 
and saute (SAL), cloudy in places. 
C: Cumulate gabbro xenolith BP58 (Salazie 
Formation), illustrating orthoc umulate texture 
and alteration of magnetite (MT) to biotite at 
grain edges. Note strongly zoned feldspar 
(FSP) and altered, intercumulus granulated 
region, interpreted as trapped interstitial glass 
(GL). Ppl, x 10. 
D: Same view as C in xpl. Note intercumulus 
feldspar overgrowth (strongly zoned crystal, 
bottom of slide). 
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Plate 5.3: Cumulate gabbro xenoliths. 
Olivine gabbro orthocumulate xenolith BP62b (Salazie Formation), ppl, x 20. 
Same view as A in xpl. Note cumulus, normally zoned feldspar (FSP), olivine (OL, altering to 
opaques along cracks and edges), anhedral saute (SAL), and magnetite (MT; altering along grain 





p ~ W- Apo. 

















Plate 5.4: Cumulate syenite and dunite xenoliths 
A: Cumulate quartz syenite xenolith BP11Oc B: Same view as A in xpl. 
(St Pierre Formation), ppl, x20. Greenish, 
high relief crystals along the right hand side of 
the picture are ferrosalites; the light brown 
crystal on the upper right is a brown, pleochroic 
amphibole. The yellowish, equant crystal with 
a black rim on the lower left of the picture is a 
fayalitic olivine, altering at grain edges to 
opaque oxides. The majority of the photograph 
is composed of cross-hatch twinned, turbid, 
exsolved cumulus alkali feldspar with swapped 
rims. 
C: 	Dunite cumulate xenolith BP4 (Dalle D: Different view of BP4, xpl. 
Soudée Formation), ppl, x 15. The field of 
view is largely composed of transparent, 
anhedral, equant olivines, with subordinate, 
opaque magnetite. Magnetite altering at grain 
edges to biotite. Dark stains are an artefact of 













Plate 5.5: Cumulate gabbro xenoliths. 
A: Brecciated coarse-grained olivine gabbro 
cumulate xenolith BP103c (St Pierre 
Formation), ppl, x 20. 
B: Same view as A in xpl. Note deformed 
plagioclase (PL) and salite (SAL). 
C: Gabbroic cumulate xenolith BP60 (Salazie 
Formation). 	Containing turbid, altered, 
cumulus feldspars (FSP) and altered 
intercumulus glass (GL) with large, euhedral 
needles of apatite (AP). Ppl, x 20. 
D: Gabbroic cumulate xenolith BP1 lOd (St 
Pierre Formation). Cumulus saute (SAL) is 
altering to a green, pleiochroic amphibole 
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Plate 5.6: Hypabyssal olivine gabbro xenoliths 
A: Hornfelsed hypabyssal olivine gabbro 
xenolith BPIOO (St Pierre Formation) in ppl 
(x 10). 
B: Same view as A in xpl. Xenolith contains 
two feldspar generations; large, zoned feldspar 
phenocrysts (FSPI) and small, matrix feldspars 
(FSP2). Matrix also contains cloudy saute 
(SAL); iddingsitised olivine (OL) and magnetite 
(MT), and displays evidence for textural 
equilibrium including 120° grain boundaries 
(GB) 
C: 	Ophitic, hypabyssal olivine gabbro 
xenolith BPI04 (St Louis Formation) in ppl (x 
20). 
D: Same view as C in xpl. Xenolith contains 
two generations of olivine: OL1 (large) and 
0L2 (small); and two generations of magnetite: 
MTI (large) and MT2 (small). Matrix also 
contains feldspar chadacrysts enclosed by salite 
oikocrysts (e.g. occupying bottom left hand 
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PLATE 5.7 
Plate 5.7: Hypabyssal olivine gabbro xenoliths 
Ophitic, hypabyssal olivine gabbro xenolith BP130 (St Gilles Formation) in ppl (x 20). 
Same view as A in xpl. Xenolith contains two generations of feldspar; zoned phenocrysts (FSP1) 
and chadacrysts (FSP2) enclosed in pyroxene oikocrysts (e.g. crystal showing yellow interference 
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Plate 5.8: Hypabyssal xenoliths 
Porphyritic, subophitic, hypabyssal gabbro xenolith BP128 (St Pierre Formation), xpl. Note 
the strongly zoned saute crystal, showing yellow- blue interference colours, at the top of the picture: 
and note the strongly zoned, twinned plagioclase phenocryst (bottom left). Second generation 
feldspars (centre view) may be partially enclosed by the edges of pyroxenes (x 20). 
Glomeroporphyritic, hypabyssal quartz syenite xenolith BP95 (St Louis Formation), ppl. 
Clustered phenocrysts of transparent anorthoclase feldspar (e.g. large crystals, centre view), green 
hedenbergite with dark rims due to secondary enrichment in acmite, opaque magnetite, and fayalite 
(yellowis crystals, top centre right and bottom right), in a medium-grained matrix containing 
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Plate 5.9: Microsyenite intrusives and xenoliths 
A: La Chapelle quartz microsyenite sill in 
pp1, showing interlocking grains of turbid 
feldspar, cleaner white andesines, yellow-
brown, pleochroic amphiboles and dark green, 
aegyrine-augite pyroxenes (x 15). 
B: Zircons (ZR!, ZR2) in hypabyssal quartz 
microsyenite xenolith BP42 (St Pierre 
Formation). ZRI displays very high 
interference colours; ZR2 is viewed down the c 
axis and shows very low colours (dark grey). 
With amphibole (showing yellow 
birerfringence), opaque titanomagnetite, turbid 
alkali feldspar and clear quartz (x 30). 
C: Hypabyssal microsyenite BP42b (St Pierre Formation), containing quartz (Q), fayalite (FA) 
and magnetite. With clean, ternary plagioclase; turbid alkali feldspar; ferrosalite and biotite (x 20). 
146 
PLATE 5.9 
A 	- 	B 
¶! 	 dh 
- 
FA 
• c ' :i 
w 
,.. 	 . 
147 
PLATE 5. 10 
Plate 5.10: Microsyenite xenoliths 
A: 	Hornfelsed, porphyritic, hypabyssal 
quartz syenite xenolith BP95 (St Louis 
Formation), xpl, x 20. 
B: Same view as A in pp1. Note strongly 
zoned plagioclase xenocryst with alkali feldspar 
overgrowth (centre field). With brieght, clear 
quartz: turbid alkali feldspar: opaque 
titanomagnetite, and greenish ferrosal ite. Main 
body of the hornfels displays 120° grain 
boundaries. 
C: Porphyritic quartz syenite xenolith BP89 
(St Pierre Formation), ppl. Showing 
clinopyroxene (yellowish green crystal with 
dark brown rim, bottom right) altering to 
brown, pleiochroic amphibole (dark brown 
rim). With apatite (bright, equant crystal, top 
left), opaque magnetite and turbid alkali 
feldspar. 
D: Porphyritic, hypabyssal quartz syemte 
xenolith. Green ferrosalites show strong 
secondary zoning, with deep green rims rich in 
the acmite component. With amphibole (brown 
crystal, centre left), magnetite and turbid ternary 
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Major- and Trace-Element Geochemistry 




Major- and Trace-Element Geochemistry of Phase IV 
Whole-Rock and Glass Samples. 
6.1 Introduction 
Major-element analyses of whole-rock and glass samples, and whole-rock trace-
element analyses, are presented in this chapter. Fresh glass represents the best 
available approximation to erupted melt compositions in volcanic terranes. Glasses 
were analysed from: a) both the proximal and distal facies of the Salazie Formation 
lower flow-unit; b) glassy, black benmoreite/quartz trachyte (GBQ) pumices from the 
St Louis Formation; and c) the interstices of an uncompacted cumulate xenolith 
(BPI 72b) from the St Pierre Formation. 
Where samples are microcrystalline, the whole-rock composition of aphyric pumice, 
fiamme or lavas is assumed to represent the approximate melt composition. Virtually 
aphyric pumice and fianime samples were available from: St Pierre Formation units 
P0-P2 ; St Gilles Formation units G f and G 1 -G3 ; primitive St Louis Formation pumices 
(black, devitrified mugearitesfBDM); Salazie Formation unit Sa1 4 (upper flow-unit) 
and Dalle Soudée Formation units DS 2 to DS3 . Aphyric lava samples were taken 
from the St Suzanne Formation 5L'  Dalle Soudée Formation DS 2L. 
Whole-rock compositions of porphyritic samples gave a measurement of the erupted 
magma composition where aphyric material was unavailable. These included 
samples of fiamme from the Salazie Formation unit Sa1 3 (Lower flow-unit); evolved 
St Louis Formation pumices (Green-grey quartz trachyte/GGQ and glassy, black 
benmoreite/quartz trachyte/GBQ pumices); Dalle Soudée Formation unit DS 4 (late-
stage trachyte block- and ash-flow deposits); and late-stage summital lava flows 
(LSL). Samples from the distal facies of Salazie Formation unit Sa1 3 contained 
fiamme too small to extract for individual whole-rock analysis; an average 
composition was obtained by analysing a mixture of fiamme extracted from two 
samples. 
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6.2: Analytical procedures 
Weathered rinds were removed from smaller pumice fragments of the unwelded units 
using a diamond buffer. Care was taken to exclude lithic clasts from the analysed 
sample, which was ground for 5 minutes in a tungsten carbide Tema mill. 5g of 
powder were used for pressed-powder pellets which were analysed for selected trace 
elements on the Philips PW1480 wavelength dispersive sequential XRF spectrometer 
at Edinburgh University using the method of Fitton and Dunlop (1985). Zr, Nb, Y, 
Sr, Rb, Th and Pb were analysed separately on the same pellets to give very high 
precision data using the analytical conditions outlined in Table 6.1. 1 g of sample 
was ignited at 1100°C, fused with Johnson-Matthey Spectroflux 105 at the same 
temperature, and analysed for major elements on the same spectrometer. Major 
element analyses are presented in terms of their oxides; Fe 2 /Fe3 ratios cannot be 
measured using this technique. Analyses were performed in a random order to 
eliminate systematic analytical error. Five discs were prepared of one sample to 
check for reproducibility; one of these discs was analysed 5 times to measure 
analytical error (Appendix B). 
Table 6.1: Analytical conditions for high-precision trace element analyses. Analyses were 
performed at 80kV and 30mA with a LIF200 diffracting crystal and a fine collimator. Background 
counts were taken before (-) and after (+) the peak (Background count rates were measured adjacent 
to the peak (+ and - offsets). Rh*  is the RhKa Compton scatter peak used for mass-absorption 
correlation. Y backgrounds were carried from Zr (+) and Sr (-); Th backgrounds were carried from 
Rb (+) and Pb (-). Detectors used were: scintillation (SC); and flow and scintillation (FS). 
Element Measurement Offset 1 Background Offset 2 Background line Detector 
time (-) time 1 (+) time 2 
Nb 500 0.36 250 0.36 250 Ka SC 
Zr 100 0.66 50 0.76 50 Kcx FS 
Y 100 - 50 - 50 Ka FS 
Sr 40 0.76 50 0.76 20 Ka FS 
Rb 100 0.34 50 0.5 50 Ka PS 
Th 100 - 50 - 50 La FS 
Pb 100 0.3 50 0.3 50 L13 FS 
Rh* 20 - - - - Ka Sc 
Glass samples were analysed for major elements on the Cameca Camebax electron 
microprobe at Edinburgh University. Alkali-rich glasses are unstable under a 
concentrated electron beam. This causes steady loss of volatile species such as 
sodium and potassium during analysis, with a corresponding relative increase in 
other elements such as silicon and aluminium (Autefage and Couderc, 1980). 
Microprobe analyses of glasses were performed for 30 seconds at 9.5-10.5 nA with a 
152 
10Oim2 beam area, and less than 1% loss of Na from a test sample was observed 
under these conditions (see Appendix Q. Again, Fe 2 /Fe 3 ratios cannot be 
measured using this method; in later discussions they are approximated using values 
suggested by Middlemost (1989). 
6.3 Major element variation 
6.3.1 Introduction and classification of Phase IV eruptives 
Whole-rock major- and trace-element analyses are tabulated in Appendix E, and with 
the discriptions of individual formations in Tables 6.3 to 6.6; glass analyses may be 
found in Appendix C. Phase IV is an alkali series, classified on the same total alkali 
- silica (TAS) basis as used by Upton and Wadsworth (1972) in Fig. 6.1. The 
majority of Phase IV samples are mugearites to quartz trachytes with 49 to 65% 
Si02; hawaiite compositions are seen in late-stage summital lavas and a gabbroic 
cumulate xenolith. There are few discrepancies between this system of classification 
and that of Le Bas and Streckeisen (1986), under which some of the more primitive 
mugearites become hawaiites and some of the more primitive trachytes become 
benmoreites. The earlier classification scheme is therefore retained for simplicity. 
CIPW norms, calculated using the FeOfFe 2O3 ratios suggested by Middlemost (1989) 
are given in Table 6.2. Late-stage summital lavas and a hypabyssal cone-sheet from 
Col de Talbit were the only olivine normative samples observed. The majority of 
samples are quartz- and hypersthene-normative; feldspathoid-normative samples 
were observed in late-stage lavas. St Pierre and St Gilles Formation pumices are 
quartz- and diopside-normative. The most-evolved (green-grey quartz trachyte) 
fiamme from the Salazie and St Louis Formations are quartz- and acmite-normative. 
6.3.2 Major element variation diagrams 
6.3.2.1 Overall trends 
Increasing Si02 content, plotted against other oxides on Harker diagrams, is a 
measure of increasing degree of differentiation (Fig.6.2). Overall trends are 
curvilinear, consistent with evolution by fractional crystallisation. CaO, Fe 203 , Ti02 
and MgO contents fall with increasing silica, controlled by a fractionating 
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Fig. 6.1: Graph of whole rock Na20 + 	versus SiO2 for Phase IV samples. A. 
Classification of Upton and Wadsworth 1972. B: Classification of Le Bas and Streckeisen 
(1986). Haw=hawaiite; Mug.=mugearite; Benm.=benmoreite; Trach=quartz trachyte 
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Table 6.2: Calculated CIPW Norms for representative Phase IV juvenile pumices, fiamme and lavas. Q=quartz; Cor=corundum; Or-orthoclase; Ab=albite; 
An=anorthite; Leu=leucite; Ne=nepheline; Ks=kalsilite; Ac=acmite; Di=diopside; Wozwollastonite; Hy=hypersthene; Ol=olivine; Mt=magnetite; Chr=chromite; 
Hem=hematite; Il=ilmenite; Ti=titanite; Ru=rutile; Ap=apatite. Units, formations and pumice types as shown. Formations; DS2 and DS3=Dalle Soudée Formation; 
LSL=Iate-stage summital lavas; P1=St Pierre Formation; L=St Louis Formation; G1=St Gilles Formation; Sal3 and Sa14=Salazie Formation. BDM=black, devitrified 
mugearite; GBQ=glassy, black benmoreite/quartz trachyte; GGQ=green-grey quartz trachyte. 














TITLE BP7(2) BPI4 REI01 RE260 BP159 BP140-11 BP151A BP156 BP191A BP54176 BP80 BPI96 BPI97 
Q 0 0.77 0 2.61 6.17 0 0.23 4 13.95 1.58 0 3.27 3.7 
Cor 0 4.07 0 0.42 0 0 0 0 2.46 0 0 0 0 
Or 11.29 11.84 17.61 18.1 19.41 8.24 12.34 28.82 16.58 24.02 11.17 27.07 29.27 
Ab 44.84 33.82 40.14 48.29 45.37 36.11 44.45 51.03 41.54 56.91 42.58 52.86 53,1 
An 14.11 16.23 14.7 15.86 14.11 17.62 12.49 0 12.01 0 13.99 0 0 
Ne 0 0 2.14 0 0 0 0 0 0 0 0 0 0 
Ac 0 0 0 0 0 0 0 4.72 0 1.15 0 2.01 4.21 
Di 8.02 0 7.27 0 0.48 9.64 7.87 4.05 0 6.56 9.07 6.81 2.71 
Hy 2.64 21.7 0 9.18 9.12 10.58 12.99 5.84 8.78 5.98 9.17 5.05 5.57 
01 8.35 0 8.47 0 0 4.76 0 0 0 0 3.82 0 0 
Mt 4.68 4.87 4 2.72 3.14 4.52 4.45 0 2.96 2.39 4.54 1.72 0 
II 4.02 4.52 3.87 1.9 1.74 5.4 3.52 0.74 1.34 1.17 3.8 1.02 0.8 
Ap 2.04 2.18 1.79 0.92 0.48 3.13 1.65 0.11 0.38 0.25 1.87 0.18 0.1 
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A St Gilles Formation 
Lava-flows • Dalle Soude Formation 
X 	Late-stage summital lavas 
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Fig. 6.2A: Major element variation in juvenile Phase IV pumices, fiamme and lavas. 
BDM=black, devitrified mugeante; GBQ=glassy, black benmoreite/quartz trachyte; 
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Salazie Formation St Louis Formation 
Lower How-unit A BDM pumice • Proximal, Black fiamme • GBQ pumice • 	Proximal, Green fiainme 0 GGQ pumice 
* Distal, average fiamme Other pyroclastic deposits 
Upper flow-unit 
C> Aphyric fiamme 0 	St Pierre Formation 
A St Gilles Formation 
Lava-flows • Dalle Soudee Formation 
X 	Late-stage summital lavas + Intercalated lavas 
Fig. 6.213: Major element variation in juvenile Phase IV pumices, fiamnie and lavas. 
BDM=black, devitrified mugearite; GBQ=glassy, black benmoreitelquartz trachyte; 
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Salazie Formation St Louis Formation 
Lower Flow-unit A BDM pumice 
• Proximal, Black fiamme U GBQ pumice 
• Proximal, Green fiamme 0 GGQ pumice 
r Distal, average fiamme Other pyrodastic deposits 
Upper flow-unit 
(> Aphyric fiamme 0 St Pierre Formation 
A St Gilles Formation 
Lava-flows • Dalle Soudee Formation i X 	Late-stage summital lavas 
+ 	Intercalated lavas 
Fig. 6.2C: Major element variation in juvenile Phase IV pumices, fiamme and lavas. 
BDM=black, devitrified mugearite; GBQ=glassy, black benmoreitelquartz trachyte; 
GGQ=green-grey quartz-trachyte; Ki and K2=inflection points (see text for discussion) 
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corresponding increase in Na 20 and K20 contents. P205 rises to a maximum at circa 
49% SiO; it subsequently falls due to apatite fractionation. TiO, falls throughout; 
titanomagnetite fractionation had already commenced before phosphate saturation 
was attained. 
Two other inflection points (Ki and K2) are detected, reflecting changes in the 
composition of the fractionating assemblage. One is a subtle gradient change at c. 
55-58% SiO2,, at which the slopes for CaO, P 205 , Ti02, MgO, and FeO decrease; and 
for Na20 increase; become less steep. The increase of MnO accelerates; A1 203 stops 
increasing and starts to decrease. The second, more pronounced inflection point is at 
c. 61% SiO2, at which MnO stops increasing and starts to fall. P 205 , Ti02 and K,O 
tend towards higher values than those predicted by projecting the early trend; Na70, 
Fe203 and A1203 tend towards lower values. These changes are due to the constantly 
changing composition of the bulk fractionating assemblage. 
6.3.2.2. The Salazie Formation 
Representative major- and trace-element analyses of fiamme from the Salazie 
Formation are shown in Table 6.3. Analyses follow the above trend closely and are 
plotted separately on Fig. 6.3. The upper flow-unit (Sal 4) contains black mugearite 
fiamme with 49-54% Si02 ; the proximal facies of the lower flow-unit (Sal 3) contains 
quartz trachyte fiamme with both whole-rock and glass analyses lying between 62-
65% Si02. The Salazie Formation is therefore zoned, with Sa1 4 being significantly 
more primitive than Sal 3 . 
Sal3  is a mixed-magma deposit. Whole-rock analyses of black, glassy quartz trachyte 
fiamme from the proximal facies of Sal 3 give values of c. 62% Si0 2 ; green, 
devitrified quartz trachyte fiamme have >64% Si0 2. The average analysis of a 
mixture of distal fiamme is close to those of black, glassy, proximal fiamme. 
6.3.2.3 St Gilles Formation 
Representative major-element analyses of devitrified, aphyric pumices from the St 
Gilles and St Pierre Formations are given in Table 6.4, and are plotted on Harker 
diagrams in Fig. 6.4. St Pierre Formation analyses are discussed in section 6.3.2.4. 
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Table 6.3: Representative whole-rock major- and trace-element analyses of fiamme from the 
Salazie Formation. Units Sa13 and Sa1 4 as shown; Sa13 dist. = average distal facies of unit Sa13; Sa13 
bI.= black fiamme from proximal facies; Sa13 gr.=green fiamme from proximal facies; LOI=loss on 
ignition. Elements analysed to high precision are marked with an asterisk. 
Unit Sa14 Sa14 Sa13 dist Sa13 hi Sa13 gr Sa13 gr 
Sample No. BP68 BP72(3) BP54/76 BP196 BP197 BP202 
S102 51.1 52.92 62.12 62.23 64.97 64.64 
A1203 15.08 15.74 15.21 14.77 15.38 14.94 
Fe203 12.91 12.22 7.52 7.22 5.79 6.14 
MgO 2.78 3.1 0.53 0.11 0.07 0.02 
CaO 6.11 6.36 1.63 1.6 0.66 0.88 
Na20 4.27 5.07 6.82 6.41 7.17 7.12 
K20 2.06 1.90 4.00 4.44 4.86 4.77 
Ti02 2.91 2.21 0.61 0.52 0.41 0.39 
MnO 0.17 0.27 0.21 0.25 0.16 0.20 
P205 0.72 0.94 0.11 0.08 0.04 0.04 
Total 98.1 100.7 98.74 97.64 99.48 99.13 
LOT 1.2 0 1.72 1.88 0.48 0.61 
Total+LOI 	99.3 	100.7 	100.5 	99.52 	99.96 	99.74 
Sc 12.5 10.1 9.3 7.1 2.3 2.9 
Ba 401.9 470.7 1160.9 835.5 265.9 221.3 
V 114 56.5 8.3 3.8 10.9 6.6 
La 46.3 56.2 67.5 69.4 102.5 106.9 
Cc 95.6 116.9 134.5 147.1 208.5 225.2 
Nd 48.8 73.8 66.3 70.2 98.1 107.6 
Cr 5.7 33.4 0 0 0 0 
Ni 21.4 24.4 10.3 5.9 5.7 5.9 
Cu 17.2 26.3 7.8 6.2 6 2 
Zn 150.5 158.4 164.1 189.8 220.8 235.3 
Pb* 3.6 3.6 9.1 7.1 12.3 12.9 
Th' 7.1 7.2 8.8 9.9 14 15.7 
Rb* 65.6 46.4 83.6 94 130.5 143.9 
Sr* 518.8 602.7 73.2 47 13.3 10.6 
48.2 57.5 61 72.2 87.6 107.4 
Zr* 383.5 383.1 569.4 669.9 1032.1 1141.3 
Nb* 49.5 58.3 82.3 95.8 139.2 155 
Pumice analyses from this formation fall into a restricted compositional field, with 
57-61% Si02. They have lower CaO, P 205, Ti02 , MnO, total Fe (and possibly 
Na20); but higher MgO, A1 203 (and possibly K20) contents than pumices with 
equivalent Si0 2 from the Salazie and St Louis Formations (Fig. 6.2). Data are tightly 
clustered; none of these oxides displays a significant correlation with Si0 2 . Na20 
and K20 have been lost from St Gilles formation pumices as a result of variable 
degrees of post-magmatic alteration of glass; Na 20 and K20 data are therefore more 
scattered than Si0 2 data and are interpreted with caution (see section 6.3.29). 
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<> Sa14 fiamme 
• Sal 3 black fianime (proximal facies) 
• Sal 3 green fiamme (proximal facies) 
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o Distal fades glasses 
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Fig. 6.3: Major element variation in fiamme from the Salazie Formation. Sal 4 = upper 
flow-unit; Sal = lower flow-unit. 
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Table 6.4: Representative whole-rock major- and trace-element analyses of pumices from the St 
Gilles and St Pierre Formations. Units Gf, GI,  G7, P1. P2 are as shown. L0I=loss on ignition. 
Elements analysed to high precision are marked with an asterisk. 
Unit Gf G117 G, PI/P2 P 1 IP, P, 
Sample No. BP33(2) BP139-6 BP195 BPI41-A5 BPI4I-A8 BP159 
Si02 59.34 60.74 59.72 57.88 59.26 59.47 
A1203 17.06 17.31 17.37 16.32 16.94 17.18 
Fe203 6.63 6.93 6.98 7.08 7.31 7.42 
MgO 0.73 0.69 0.75 1.2 1.16 0.93 
CaO 2.66 2.56 2.89 3.62 3.35 3.16 
Na20 5.2 5.01 4.74 5.15 5.32 5.25 
1(20 2.94 2.70 2.51 2.85 2.99 3.22 
Ti02 0.69 0.70 0.72 0.86 0.86 0.90 
MnO 0.19 0.19 0.15 0.17 0.18 0.19 
0.16 0.15 0.15 0.21 0.26 0.20 
Total 95.59 96.98 95.97 95.34 97.64 97.9 
LOl 3.75 3.91 4.03 4.26 1.91 2.96 
Total+LOI 99.34 100.9 100 99.6 99.55 100.9 
Sc 6.1 3.1 8.3 7.1 7.8 9.8 
Ba 612.1 596.8 574.6 532.1 601.5 641.3 
V 4.8 9.9 9.8 25.6 26.2 29.9 
La 61.3 47.1 62.4 56.1 65.6 60.1 
Cc 136.2 124.9 122.3 134.5 150.7 126.6 
Nd 64.2 40.2 66.1 63.8 64.7 60 
Cr 1 0 0 4.4 1.3 0 
Ni 6.7 5 7.5 6.5 5.1 5.9 
Cu 16 35.3 24.2 27.6 12.7 17.5 
Zn 134.6 130.7 117.4 126.2 140.7 132.1 
Pb* 16.3 10.2 20.8 17.4 6.8 7 
Th" 8.7 8.4 7.5 6.2 8.5 8.9 
Rb* 78.2 72.7 64.9 71.5 80.3 82 
Sr* 320.2 321.9 313.5 340.2 370 354.3 
55.2 47.1 57.2 47.5 59 58.8 
Zr* 619.6 609.2 611.5 525.4 609 606.2 
Nb* 74.1 72.9 72.3 63.2 73.4 72.7 
6.3.2.4 The St Pierre Formation 
Whole-rock XRF analyses of aphyric, devitrified pumices from the St Pierre 
Formation, and glass analyses from the interstices of diorite nodule BP172b, are also 
presented in Table 6.4 and Fig. 6.4. Microprobe analyses of glasses from the St 
Pierre Formation are not identical to whole-rock pumice analyses, having 
significantly lower FeO, A1 203 and Ti02, and higher CaO, Na20 , KO and Mn02 . 
These differences may be attributed to a combination of factors: 
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Fig. 6.4: Major element variation in pumices from the St Pierre and St Gilles Formations. 
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Still-fresh glass analysed using the electron microprobe is less weathered than, and 
therefore geochemically different from, devitrifled pumice; 
Glasses may be affected by sodium- and potassium-loss during microprobe analysis. 
The glass sample was from the interstices of xenolith BPI 72b, and may have re- equilibrated 
with cumulus phases absent from other pumices. 
Whole-rock analyses of St Pierre Formation pumices were similar, but not identical, 
to those from the St Gilles Formation pumices. St Pierre Formation pumices have 
significantly lower A1 203 , and higher FeO, MgO, CaO, Na20, K,O, MnO and TiO, 
values than St Gilles Formation pumices of similar Si0 2 content. Since samples 
were analysed in a random order, these differences did not arise from systematic 
analytical errors. 
6.3.2.5 The St Louis Formation 
Whole-rock and glass analyses from St Louis Formation pumices are listed in Table 
6.5 and plotted on major-element - 5i0 2 variation diagrams in Fig. 6.5; Dalle Soudée 
Formation analyses on the same graphs are discussed in section 6.3.2.6. 
The analyses form a coherent trend colinear with that defined by Salazie Formation 
fiamme. Three different pumice types have been identified from this formation on 
the basis of their field and petrographic characteristics (Chapters 3 and 4). The most 
primitive pumices are black, devitrified mugearites (BDM) with 49-55% Si02, 
similar in composition to fiamme from the upper flow unit (Sal4) of the Salazie 
Formation (Fig. 6.2). The most evolved St Louis Formation pumices are green-grey 
quartz trachytes (GGQ) with >64% Si02, similar in composition to green-grey 
fiamme from the proximal facies of the lower flow-unit of the Salazie Formation 
(Sa13). Intermediate between these extremes are glassy, black benmoreite/quartz 
trachyte pumices (GBQ) with 55-61% Si02. There is a compositional gap of c. 3% 
Si02 between GGQ and the most evolved GBQ pumices. 
Glass analyses are available from fresh GBQ pumices; the results are similar to those 
obtained by whole-rock analysis. A1 203 and FeO are slightly lower in the glasses; 
Na20 and K20 display considerable scatter. As in the case of pumice and glass 
analyses from the St Pierre Formation, it difficult to discriminate between (i) 
differing analytical techniques and conditions; and (ii) alteration and heterogenisation 
of glass during weathering as sources of scatter. Na 20 and K20 are particularly 
prone to loss during microprobe analysis. They are also the most mobile elements 
during hydration and devitrification processes. 
164 
Table 6.5: Representative wholerock major- and trace-element analyses from St Louis 
Formation pumices. BDM=black, devitrified mugearite; GBQ=glassy black benmoreite/quartz 
trachyte; GGQ=green-grey quartz trachyte; LOI=Ioss on ignition. Elements analysed to high 





















Si02 49.58 50.44 51.37 55.61 57.19 59.51 61.16 64.65 64.53 
A1203 14.89 15.28 15.27 15.67 15.68 15.53 14.73 14.88 14.95 
Fe203 13.41 13.36 13.01 11.67 10.97 10.25 9.02 6.48 6.4 
MgO 3.8 3.56 3.9 2.08 1.4 0.81 0.28 0.05 0.04 
CaO 7.61 7.32 7.22 5.09 4.35 3.5 2.53 0.96 1.13 
Na20 4.24 4.82 4.59 5.81 6.08 6.53 6.45 7.08 7.13 
K20 1.39 1.54 1.54 2.16 2.46 2.80 3.35 4.77 4.72 
Ti02 2.83 2.81 2.63 1.68 1.35 1.00 0.67 0.38 0.39 
MnO 0.27 0.29 0.27 0.32 0.33 0.34 0.33 0.21 0.22 
P205 1.34 1.34 1.2 0.64 0.47 0.29 0.14 0.05 0.04 
Total 99.36 100.8 101 100.7 100.3 100.6 98.64 99.51 99.53 
LOl 0.26 0 0 0 0.14 0.31 0.62 0.39 0.38 
Total+LOI 99.62 100.6 100.7 100.7 100.4 100.9 99.26 99.9 99.91 
Sc 17.7 18.7 21.8 18.7 19.4 21.5 13.5 2.6 3.2 
Ba 329.3 744.5 396 604.7 674.5 1017 1631 251 258.6 
V 126.8 8.3 99.2 17.9 9.8 2.4 2.3 6.2 7.9 
La 47 48.2 40.2 51.9 52.3 51.6 62.9 103.2 96.7 
Ce 119.1 117.5 106.1 112.7 112.4 123.4 135.3 205.8 206.9 
Nd 64.3 58.7 62 63.1 61.6 62.3 67.6 93.2 97.5 
Cr 34.4 0 38.7 13.4 0 0 1.4 0 0 
Ni 23.1 9.1 31 21.7 13.8 6 4.3 9.7 5.2 
Cu 40.4 17.5 22.9 15.2 13.7 10.3 10.8 4.9 13.1 
Zn 161.4 171.9 156.9 165.7 169.7 172.7 177.5 212.4 220.2 
Pb* 2.7 4.2 3.8 4.1 3.7 5.2 5.6 10.5 7.7 
Th 6.9 6.5 7.3 6.9 8.4 7.6 6.9 14.9 14.3 
Rb* 33.2 37.2 38.7 52.1 56.7 64.2 72.3 132.7 128.8 
Sr* 678.5 680.1 666.3 546.5 447 297.5 113.1 12.3 15.4 
55.2 55.4 54.2 59 58.8 60.2 57 95.5 102 
Zr* 291.4 310 306.3 406.5 446.2 492.6 487.9 1079.3 1075.3 
Nb* 48.1 51 49.9 61.5 66.8 72.6 70.4 143.3 145 
6.3.2.6 The Dalle Soudée Formation and late-stage lava-flows 
Analyses of late-stage summital lavas, and pumices and fiamme from the Dalle 
Soudée Formation units DS 2-DS 3 , are tabulated (Table 6.6). Values are similar to 
those reported by Kieffer et al. (1993). The majority are mugearites with 48-60% 
Si02, displaying a trend similar to that defined by St Louis Formation pumices, 
whereby Fe203 , MgO, Ti02, and CaO fall, and Na 20 and K20 rise with increasing 
5i02 . P205 rises to a maximum and then falls (see Fig. 6.2). However, D5 3 and DS 3 
mugearites display consistently lower P 205 , CaO, Ti02 and MgO; and consistently 
higher A1203 and MnO than St Louis Formation samples with the same Si0 2 . DS 2L 
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is a mixed-magma lava-flow. Samples of different appearance (BP27 and BP28) 
were taken and found to be compositionally dissimilar; being a mugearite with c. 
53% SiO, and a benmoreite with c. 59% Si02 respectively. 
Analyses of late-stage summital lavas from the collection of B.G.J. Upton at 
Edinburgh University are plotted on Fig. 6.5. They consist of hawaiites with circa 
46% Si02 to benmoreites with c. 60% Si02 , lying on the Dalle Soudée Formation 
trend. 
Table 6.6: Representative whole-rock major- and trace-element analyses of Dalle Soudée 
Formation (DS2.3) pumices and fiamme, and of late-stage summital lava-flows (LSL). LOI=loss 
on ignition. Elements analysed to high orecision are marked with an asterisk. 
Unit DS3 DS2 DS2 DS2L DS2L LSL LSL LSL 
Sample No. BP7(2) BP14 BP16 BP27 BP28 RE99 RE 100 RE263 
Si02 52.23 47.4 56.79 59.5 53.01 50.29 59.01 45.91 
A1203 15.87 17.93 16.8 17.01 15.78 17.76 18.13 16.86 
Fe203 12.39 13.91 11.26 7.65 12.14 11.54 6.54 13.79 
MgO 2.6 2.74 1.07 1 2.58 3.76 1.35 6.32 
CaO 5.89 4.31 3.51 3.18 6.01 7.47 3.93 8.74 
Na20 5.27 3.82 6.25 5.98 5.39 4.27 5.7 3.5 
K20 1.90 1.92 2.47 3.62 1.92 1.66 3.08 1.31 
Ti02 2.10 2.27 1.18 1.00 2.07 2.60 1.00 3.61 
MnO 0.31 0.36 0.38 0.19 0.32 0.10 0.16 0.18 
P205 0.88 0.90 0.33 0.28 0.88 0.74 0.40 0.53 
Total 99.44 95.56 100 99.4 100.1 100.2 99.31 100.8 
LOl 0.01 4.26 0.13 0.04 -0.4 0.48 0 0.11 
Total+LOI 99.45 99.82 100.2 99.44 99.71 100.7 99.17 100.9 
Sc 15 19.4 19.7 	- - 	 3.8 3.5 3.8 
Ba 547.9 387.5 952.9 - - 	 608.6 620.3 557.4 
V 13 11.7 0 	- - 	 30.9 24.5 46.1 
La 59.7 31.9 38.3 - - 	 49.8 56.9 54.8 
Ce 122.9 93.2 156.3 	- - 	 125.2 129.2 144.6 
Nd 76.4 46.6 66.4 - - 	 41.9 53.3 53.7 
Cr 14.6 8 11.7 	- - 	 4 1.2 2.2 
Ni 13.8 8.6 11.7 - - 	 6.1 5.5 3.3 
Cu 21.1 17.7 38.6 	- - 	 18.4 15.3 18.1 
Zn 174.9 197.7 163.4 - - 	 106.1 84 107.8 
Pb* 3.3 5.7 4.2 	- - 	 6 7.7 6 
Th' 7.6 7.9 7.8 - - 	 10.8 11.6 10.3 
Rb* 45.5 45.3 45 	- - 	 98.8 107.1 89.7 
Sr* 627.8 346.2 337.6 - - 	 524.1 567.9 616.8 
59.7 36.7 61.3 	- - 	 28.2 32.8 32.5 
Zr* 369.2 426.2 510.5 - - 	 543.3 546.7 489.7 
Nb* 56.2 62.8 74.2 	- - 	 75.5 75.4 68.3 
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6.3.2.7 Intrusives and coarse-grained Xenoliths 
Few coarse-grained xenoliths were large enough for whole-rock analysis; the 
majority of these appear to be derived from hypabyssal intrusions. Hypabyssal Phase 
IV xenoliths lie close to the main trend displayed by the St Gilles and St Pierre 
Formation pumices for all oxides. 
Table 6.7: Representative whole-rock major-element analyses of Phase IV xenoliths and 
intrusives. P 1 xe=xenoliths from St Pierre Formation P 1 ; 01 xe=xenolith from St Gilles Formation 
61; Sal3 xe=xenolith from Salazie Formation Sal3; Cil=La Chapelle cone-sheet, Cilaos; TaIb=Col de 
Taibit cone-sheet; Ci12=dyke crossing La Chapelle cone-sheet. 
UiiV P1 xe P 1 xe G 1 xe Sa13 xe Cii Taib Ci12 - 
Sample No. BP89 BP90 BP134 BP63(2) BP47(2) BPI2I RE 15 
Si02 60.21 58.02 46 54.14 56.84 58.1 48.85 
A1203 16.5 16.65 23.49 18.53 17 17.59 15.16 
Fe203 7.51 8.43 10.26 9.65 6.65 7 10.18 
MgO 1.12 1.45 2.51 1.59 1.26 1.43 3.16 
CaO 3.11 3.88 12.33 5.23 3.29 3.31 7.09 
Na20 6.19 5.61 2.65 6.2 6.77 7.33 4.92 
K20 3.76 3.14 0.58 1.25 2.79 2.98 1.70 
Ti02 1.06 1.26 1.91 1.64 1.17 1.17 2.74 
MnO 0.20 0.20 0.13 0.19 0.22 0.23 0.21 
P205 0.29 0.36 0.45 0.45 0.35 0.37 1.18 
Total 99.93 99.01 100.3 98.86 96.34 99.51 95.19 
LOl 0.38 0.05 -0.44 0.87 2.88 0 3.82 
Total+LOI 100.3 99.06 99.87 99.73 99.22 99.51 99.01 
Sc 7.7 5.8 7.5 7.3 4.2 4.9 10.5 
Ba 610.7 569.3 136.3 1180 725.8 631.5 345.8 
V 17.4 26.8 222.4 29.1 10.3 9.5 146.2 
La 57.6 51.1 21 29.1 41.5 65.6 41.1 
Ce 119.9 139.6 45.7 73.5 90.8 127.8 114.6 
Nd 70.7 61.3 19.7 41.7 46.8 66 49.7 
Cr 0 2.7 14.7 0 0.4 0.4 5.9 
Ni 4.7 5.8 16.4 10.4 3.1 3.5 3.7 
Cu 11.3 11.1 53.1 23.3 6.6 6.2 8.5 
Zn 129.6 106.8 63.4 102.2 110.9 117.8 115 
Pb 7.2 6.7 3.2 3.8 4.9 7.1 3.6 
Th 8.5 10.8 2.2 3.3 5.7 8.7 6 
Rb 103.5 119.8 27.7 11.3 62.7 69.2 38.6 
Sr 278.4 401.9 618.8 708.5 430.5 479.5 689.9 
Y 73.6 60.7 22.6 32.7 36.3 50 44.5 
Zr 683.2 561.2 98.4 120.9 347.9 549.5 306.7 
Nb 106.6 68.4 22.4 14.2 58.5 80.2 53.2 
As may be expected from simple phase relationships, the cumulate xenoliths tend to 
be more primitive than the juvenile pumices, lavas and fiamme, with between 42-
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Fig 6.6: Major element variation in Phase IV intrusives and coarse- grained xenoliths compared 
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The most evolved of the three analysed intrusive units were two cone-sheets: the La 
Chapelle sill from Cilaos Cirque is trachytic, with c. 60% Si02; the finer-grained 
benmoreitic Col de TaIbit sill has slightly lower Si0 2 and alkalis. The more-
primitive samples are mugearites with c. 48% Si0 2 from the chilled margin of a 
small dyke cross-cutting the La Chapelle intrusion (collection of B.G.J. Upton, 
Edinburgh University). All the intrusives have higher total alkali contents than the 
juvenile eruptives, but are otherwise compositionally similar to pumices from the St 
Gilles and St Pierre Formations. 
6.3.2.8 Post-magmatic alteration 
Glass is particularly susceptible to alteration by percolating meteoric fluids 
(especially in a hot, humid climate such as that found on Reunion), becoming 
hydrated to perlite; this process initially affects alkali and alkali earth elements such 
as Na, K, Rb, Ba and Sr (Fisher and Schmincke, 1984 and references therein). 
Eventually glassy material becomes totally degraded and altered to sheet silicates 
such as chlorite, muscovite, illite, montmorillonite and smectite, a process which 
affects most other elements. The high field-strength elements (HFSE) Ti, Zr, V and 
Nb are exceptions to this and may still be used as petrogenetic indicators even in 
exceptionally altered rocks (Pearce and Norry, 1979). Alteration is exacerbated when 
deposits containing glass are buried and exposed to hydrothermal circulations (as 
described at Piton des Neiges by Nativel, 1977 and Rocher, 1988). Alternatively, 
they may be exposed to sea-water alteration (described at Piton des Neiges by 
Phillippot, 1986). 
Despite being the youngest Piton des Neiges products, Phase TV glasses are generally 
altered. Alkali elements from whole-rock analyses are affected in the case of St 
Gilles and St Pierre Formation pumices; glass analyses from the St Louis and St 
Pierre Formation pumices may also have been affected. Many crystalline phases in 
xenoliths have been pervasively altered (see Chapter 5); phenocrysts in Phase IV 
pyroclastic deposits may be oxidised (e.g. hedenbergites and fayalites from the lower 
flow-unit Sa1 3 of the Salazie Formation - see Chapter 4). 
Fig. 6.7 shows graphs of various element oxides versus the loss on ignition (LOl) 
value obtained for each relevant sample during XRF analysis. LOT represents the 
pre-fusion percentage weight loss after igniting the flux-free sample for 20 minutes at 
1100°C. Increasing LOl provides an estimate of the degree of alteration of the rock: 
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fresh, unaltered samples will have a negative LOT (i.e. gain weight during ignition), 
due to oxidation of iron present as Fe 2 ; altered samples will have a large, positive 
LOT, attributable to the dehydration of alteration products such as clay minerals and 
perlite. 
Phase TV samples with LOT between -1 and +2 are considered to be unaltered; major-
element variations between these samples are attributed to primary magmatic 
processes. Salazie, St Louis and Dalle Soudée Formation pumices and fiamme are 
placed in this category, along with the majority of xenoliths and intrusives. LOl 
decreases with increasing Fe 2O3  due to the increasing importance of the oxidation of 
Fe2  during ignition in samples with higher initial FeO. Other elements which are 
correlated with Fe content will therefore display a slight relationship with LOT in this 
region of the graph. 
Samples with LOT>2% are probably hydrated; some major element variation may be 
attributed to post-magmatic processes. Increasing addition of H 20 during weathering 
increases LOT while reducing relative concentrations of other constituents. The 
effect of addition of H 2O to a low-LOl (unaltered) sample from the St Pierre 
Formation was calculated; results are presented in Table 6.8 and plotted as a line 
(Dil) on Fig. 6.7. Most St Gilles and St Pierre Formation pumices fall on this line; 
these deposits are very homogeneous, and the (very slight) compositional variations 
observed between pumices from within them are largely a result of hydration. 
Table 6.8: Predicted effect of adding 1120 on composition. A low-LOT sample from the St Pierre 
Formation (BP179) was used as the starting composition. Predicted derivative compositions were 
then calculated for 8 values of added/subtracted H20 as shown. 
% H0 Si02 A1203 Fe203 MgO CaO Na20 K20 Ti02 MnO 
(LOT) 
0 60.498 17.508 7.257 0.907 3.276 6.199 3.258 0.828 0.191 
0•79* 60.020 17.370 7.200 0.900 3.250 6.150 3.232 0.821 0.189 
1 59.893 17.333 7.185 0.898 3.243 6.137 3.225 0.819 0.189 
2 59.288 17.158 7.112 0.889 3.210 6.075 3.193 0.811 0.187 
3 58.683 16.983 7.040 0.880 3.178 6.013 3.160 0.803 0.185 
4 58.078 16.808 6.967 0.871 3.145 5.951 3.127 0.794 0.183 
5 57.473 16.633 6.894 0.862 3.112 5.889 3.095 0.786 0.181 
6 56.868 16.458 6.822 0.853 3.079 5.827 3.062 0.778 0.179 
7 56.263 16.283 6.749 0.844 3.047 5.765 3.030 0.770 0.177 
8 55.658 16.108 6.677 0.835 3.014 5.703 2.997 0.761 0.175 
*=starting composition BP179 
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Where high-LOT samples plot away from the line, element loss or gain is attributed to 
leaching or enrichment of the samples during weathering. St Gilles Formation 
pumices appear to have been particularly affected by this, having gained Si02, and 
lost K20 and Na20. Analyses of intrusive unit RE15 (late-stage aphyric dyke), and 
two Dalle Soudée Formation pumices indicate loss of Si0 2, Na20 and K,O. Other 
elements (A1 203 , Fe203 ) lie off the main trend but are less likely to have been 
affected by leaching. Two high-LOI samples from the St Pierre Formation have been 
strongly altered, losing Na 2O and K2O, and gaining Si02 ; these were both from the 
contact between flow-units (P 1 and P2), which is particularly prone to alteration. All 
St Pierre Formation pumices appear to have lost some Na 20. 
6.4 Trace element variation 
A standard array of trace elements was analysed, consisting of Sc, Ba, V, La, Ce, Nd, 
Cr, Ni, Cu, Zn, Pb, Th, Rb, Sr, Y, Zr and Nb. High-precision analyses of Pb, Rb, Sr, 
Y, Zr and Nb are used. Analyses are tabulated (Tables 6.9 to 6.13) along with 
descriptions of the individual formations in section 6.4.2. 
6.4.1 MORB-normalised trace-element plots 
MORB-normalised trace element diagrams from representative Phase IV samples are 
plotted in Figs. 6.8 A-F. MORB-normalised plots are generally deemed to be the 
most appropriate for studying evolved suites (Rollinson, 1993). Normalisation 
constants are from Bevins et al., 1984. These constants were chosen because they fit 
the array of elements analysed in Phase IV samples more closely than those used by 
Pearce (1983), favoured by other authors (e.g. Rollinson, 1993). Ocean island basalts 
(OIIB) are enriched in incompatible elements with respect to MORB, soy that the 
MORB-normalised concentrations of these elements in the parental OIB magma will 
be greater than one, as in Phase IV samples. The characteristic OIB pattern is 
flattish, with a general decrease towards the right hand end of the graph (containing 
compatible elements, retained by solid phases during melting). Incompatible element 
contents increase and compatible element contents decrease in the melt during 
fractional crystallisation, causing the patterns of increasingly evolved samples to 
rotate progressively clockwise with respect to the original composition. 
A fairly flat pattern, with a trough at Sr caused by plagioclase fractionation, is 
observed in the more primitive Phase IV samples comprising: the upper flow-unit 
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Fig. 6.8A-B: MORB-normalised trace-element diagrams. Normalisation constants after 
Bevins etal., 1984. A: Salazie Formation juvenile pumices and fiamme; Sa13 =lower flow-unit, 
Sal4 =upper flow-unit. Analyses of green and black fiamme are from the proximal facies of Sa 
the average composition of fiamme from the distal facies are shown as indicated. Elements are 
roughly divided into LILE (large-ion lithophile elements), HFSE (high field-strength elements), 
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Fig. 6.8C-D: MORB-normalised trace-element diagrams. Normalisation constants after Bevins 
et al., 1984;. C: St Pierre Formation pumices D: St Louis Formation pumices. BDM=black, 
devitrified mugeante; GBQ=glassy, black benmoreite/quartz trachyte; GGQ=green-grey quartz 
trachyte. 
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Fig. 6.8E-F: MORB-normalised trace-element diagrams. Normalisation constants after Bevins 
et al., 1984. E: Dalle Soudèe Formation pumices and fiamme, and late-stage summital 
lava-flows. F: Phase LV xenoliths and intrusives. 
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Sa14 of the Salazie Formation; St Louis Formation BDM pumices; coarse-grained 
intrusives and xenoliths; and Dalle Soudée Formation pumices. Intermediate, 
benmoreite to quartz trachyte samples display troughs at Sr, Ni, P 205 Cr and Ti02, 
due to the fractionation of plagioclase, olivine, apatite, clinopyroxene and 
titanomagnetite respectively. They consist of: Dalle Soudée Formation pumices; St 
Gilles Formation pumices; St Pierre Formation pumices; St Louis Formation GBQ 
pumices; hypabyssal xenoliths and intrusives; and fiamme from the lower flow-unit 
Sal3 of the Salazie Formation. The most evolved samples, (Salazie Formation green 
fiamme and St Louis Formation GGQ pumice) display the same troughs, with an 
additional Ba trough attributed to fractionation of anorthoclase. Otherwise, 
incompatible elements (to the left hand side of the graphs) increase as fractionation 
proceeds. 
6.4.2 Trace element - silica variation diagrams 
Trace element - Si02 variation diagrams are plotted in Figs. 6.9 A-F. As in the case 
of the major element plots, Si0 2 is used to provide a measure of the degree of 
fractionation of the melt. Cr is not plotted as it was beneath its detection limit in 
most of the analysed samples. 
6.4.2.1 Overall trends 
In the early stages of fractionation of Phase IV magmas, where erupted products have 
between 45% and 58% Si02, V, Ni, Sc and Sr decrease with increasing S10 2. These 
elements are compatible in the titanomagnetite, olivine, clinopyroxene and 
plagioclase feldspar fractionated from the melt. Cu peaks and then declines, possibly 
due to the separation of an immiscible sulphide-liquid; however, as this element is 
close to its detection limit, this interpretation is tentative. LILE (large ion lithophile 
elements Ba, Rb, Th, Pb), HFSE (high field strength elements Zr, Nb, Y), REE (rare 
earth elements La, Ce, Nd), Zn, and Th increase with increasing Si0 2 ; however, even 
at this relatively early point in the fractionation process, none of these elements 
displays a typical incompatible element fractionation trend. The curves are relatively 
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Fig. 6.9A: Variation in trace element contents in Phase IV samples I: LILE (large-ion lithophile 
elements). Lines Ki and K2 indicate approximate positions of inflection points detected in 

















U •• k 
100  El 










45 	 50 	 55 	 60 	 65 	 70 
Si02 (wt%) 
Fig 6.9B: Trace element variation in Phase IV juvenile pumices, fiamme and lavas H: 
REE. Lines Ki and K2 indicate approximate positions of inflection points detected in 
major-element plots. Symbols as for Fig. 6.9A. 
179 






• 	•+•A U 



















01 	 I 	 I 	 I 	 I 	 I 
45 50 55 60 65 70 
Si02 (wt%) 
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Fig. 6.9E: Compatible trace element variation in juvenile Phase IV pumices, fiamme and 
lava-flows. Symbols as for Fig 6.9A. 
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There is a kink in the Ba plot at c. 55-58% Si02, at which Ba becomes increasingly 
concentrated in erupted products. This kink corresponds to the major element KI 
inflection, comprising a decrease in Na 20 and A1203,, and a decline in the rate of 
CaO decrease. It is accompanied by a slight negative inflection in the Sr and Rb 
graphs. This kink may be a response to changes in the fractionating plagioclase 
composition. 
Most elements display a marked kink in the main trend at c. 61% Si0 2 , equivalent to 
inflection K2, observed on major element - Si0 2 variation diagrams (see section 
6.3.2.1). At this point, "incompatible" elements (LILE, HFSE, REE, Zn, Pb and Th), 
with the exception of Ba, become enriched with respect to Si0 2 to an increasing 
degree; compatible elements Sc and Sr, both still present in appreciable 
concentrations, become increasingly depleted. Ni, Cu and V do not show this 
inflection, but are close to their detection limits. Ba reaches a maximum and then 
decreases due to the removal of Ba-bearing anorthoclase (a common phenocryst 
phase in evolved pumices and xenoliths). As this is a high silica phase containing up 
to 67.5% Si02 (see Chapter 4 and Appendix C), this process is inferred to have 
caused the observed gradient changes in other element plots. 
6.4.2.2 Salazie Formation 
Trace-element analyses from representative Salazie Formation samples confirm that 
the Formation is zoned (Table 6.9). Fiamme from the more primitive, upper flow-
unit (Sal4) have low concentrations of LILE, REE, HFSE, Th, Zn and Pb; and high 
concentrations of the compatible elements. Fiamme from the evolved lower flow-
unit (Sal3) gave correspondingly high concentrations of LILE, REE, HFSE, Th, Zn 
and Pb; and low concentrations of the compatible elements. 
Fiamme from the distal facies of Sa1 3 fall into two distinct groups with consistently 
different trace element characteristics, confirming that it is a mixed-magma deposit. 
Black fiamme are less evolved than green fiamme, and have correspondingly higher 
concentrations of compatible elements and lower concentrations of LILE, REE and 
HFSE. Ba rises with increasing Si0 2 in primitive (Sal 4) samples, and falls with 
increasing Si02 in evolved (Sal 3) samples, so that it is at its lowest in green fiamme. 
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6.4.2.3 St Gilles and St Pierre Formations 
Representative trace element analyses from the St Gilles and St Pierre Formations are 
given in Table 6.10. These formations differ from the main trend defined by the 
Salazie and St Louis Formations. LILE are behaving inconsistently: Rb is higher 
than the main trend in the St Pierre and St Gilles Formations; Ba is lower. Of the 
REE, La and Ce appear to be slightly higher in the St Pierre and St Gilles 
Formations; Nd is approximately the same. HFSE also behave inconsistently: Y is 
lower in the St Gilles and St Pierre Formations; Zr is significantly higher; Nb and Th 
show no significant difference. Zn is significantly lower; Pb is higher and displays 
considerable scatter. 
Compatible elements differ from the main trend. Sc contents are lower in the St 
Gilles and St Pierre Formation pumices; Sr and V are higher; Cu is higher and 
displays significant scatter; Ni is not significantly different. 
6.4.2.4 St Louis Formation 
Representative St Louis Formation trace-element analyses are presented in Table 
6.11. Whilst Salazie Formation fiamme form a series of discrete compositional 
fields, St Louis Formation pumices follow a more continuous trend; there appears to 
be no compositional gap between BDM (black, devitrified mugearite) pumices, with 
49-55% SiO, and GBQ (glassy, black benmoreite/quartz trachyte) pumices, with 55- 
61 % SiO 2. BDM and GBQ pumices contain low concentrations of LILE, REE, 
HFSE, Pb, Th and Zn, rising with increasing Si0 2; and high concentrations of 
compatible elements, decreasing with increasing Si0 2. The 58% Si02 inflection 
point is detected in this series. GGQ (green-grey quartz trachyte) pumices are 
compositionally similar to Salazie Formation green fiamme. They are much more 
evolved than GBQ pumices, with 64-66% Si02. Their concentrations of compatible 
elements are lower; REE, HFSE, LILE, Th, Pb and Zn are higher. Ba is much lower, 
having reached its p&Jc in the melt at c. 61% Si0 2 . 
6.4.2.5 Dalle Soudée Formation and late-stage lavas 
Dalle Soudde Formation pumices and fiamme (Table 6.12) display similar trace 
element characteristics to Sa1 4 fiamme (Salazie Formation) and BDM pumices (St 
Louis Formation). Thus they have similarly equivalent low incompatible element 
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contents, including HFSE, Zn, Pb, and Th; and similarly high compatible element 
contents; they are, however, slightly enriched in Ba and the REE. Late-stage 
summital lavas have trace element contents like those of the Dalle Soudée Formation 
pumices and fiamme. 
6.4.2.7 Xenoliths and intrusives 
The trace element compositions of Phase IV xenoliths and intrusives are tabulated on 
Table 6.13 and plotted in comparison to juvenile lavas, pumices and fiamme in Fig. 
6.10. Hypabyssal xenoliths with 50-60% Si02 were: gabbro BP63 (Salazie 
Formation Sal 3); and microsyenites BP90 and BP89 (St Pierre Formation P 1 ). Both 
microsyenite xenoliths has trace-element compositions similar to St Pierre Formation 
pumices. The Sal 3 gabbro has c. 55% Si02 ; intermediate between the most evolved 
Sa14 fiamme and the most primitive Sal 3 fiamme. It has compatible element and Pb 
contents like those of benmoreites from the St Louis formation, but lower 
"incompatible" element concentrations (HFSE, REE, LILE, Th and Zn) with the 
exception of Ba, which was higher. 
Two cumulate xenoliths (BP62 and BP134) with 42-45% Si0 2 were from the Salazie 
and St Gilles Formations respectively. BP62 has uniformly lower incompatible 
element contents and higher compatible element contents than Salazie Formation 
fiamme. BP134, although it has much lower Si0 2, has similar trace element contents 
to St Gilles Formation pumices. 
Three intrusive units were studied. Trace element characteristics of late-stage glassy 
dike RE15 are in agreement with major element characteristics which suggest it is 
derived from a magma slightly more primitive than, but coeval with, the most 
primitive St Louis Formation pumices (BDM). Thus it has slightly lower REE, 
LILE, HFSE and Pb contents; and slightly higher compatible element contents than 
the most primitive BDM pumice (BP140-1 1). Zn and Th contents, however, are 
slightly lower than predicted using this model. 
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Fig. 6.10A: Trace element variation in Phase IV xenoliths and intrusives compared to 
juvenile pumices, fiamme and lavas I: LILE (large-ion lithophile elements). Samples are 
labelled in the first plot. BP62, BP134=cumulate xenoliths; BP63, BP89, BP90=hypabyssal 
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Fig. 610D: Trace element variation in juvenile Phase IV xenoliths and intrusives, 
compared to lava-flows, pumices and fiamme IV: Zn, Pb and Th. Symbols as for Fig. 
6.1OA. 
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6.4.3 The effect of alteration on trace element contents 
Major element concentrations in St Gilles and St Pierre Formation pumices show that 
the deposits are very homogeneous geochemically, but have been subject to intense 
post-depositional alteration. Fig. 6.11 shows graphs of selected trace elements versus 
LOl. 
Trace element variations between Phase IV samples with LOl between -1 and +2 
(Salazie, St Louis and Dalle Soudée Formation pumices and fiamme; the majority of 
xenoliths and intrusives) are attributed to primary magmatic processes. Elements 
which are correlated with FeO will show a negative correlation with LOl in this 
region due to the increasing importance of the oxidation of Fe 2 during ignition in 
samples with higher initial FeO. 
Table 6.14: Predicted effect of adding H20 on selected trace element compositions. A low-1-01 
sample from the St Pierre Formation (BP179) was used as the starting composition. Predicted 
derivative compositions were then calculated for 8 values of added/subtracted H20 as shown. Results 
are tabulated for elements with high concentrations (>20ppm); other elements are close to their 
detection limit. 
% H20 Ba 	La Ce 	Nd Zn Rb** Sr** '7** Zr** 	Nb** 
(LOl) 
0 630.08 62.897 134.87 64.006 136.78 85.173 367.5 62.091 632.5 	76.605 
0.79* 625.1 	62.4 133.8 	63.5 135.7 84.5 364.6 61.6 627.5 76 
1 623.78 62.268 133.52 63.366 135.41 84.321 363.83 61.47 626.17 75.839 
2 617.48 61.639 132.17 62.726 134.04 83.469 360.15 60.849 619.85 75.073 
3 611.18 	61.01 130.82 62.085 132.68 82.618 356.48 60.228 613.52 74.307 
4 604.87 60.381 129.47 61.445 131.31 81.766 352.8 59.607 607.2 	73.541 
5 598.57 59.752 128.12 60.805 129.94 80.914 349.13 58.986 600.87 72.775 
6 592.27 59.123 126.77 60.165 128.57 80.062 345.45 58.365 594.55 72.009 
7 585.97 58.494 125.42 59.525 127.21 79.211 341.78 57.744 588.22 71.243 
8 579.67 57.865 124.08 58.885 125.84 78.359 338.1 57.123 581.9 	70.477 
* starting composition BPl79 
** elements analysed to high precision 
As observed in the case of the major elements, the very small trace element 
variations within the St Pierre and St Gilles Formations may mainly be accounted for 
by the dilution effect of the hydration of pumice (i.e. the calculated lines). Samples 
from these formations with LOI>4 have lost significant amounts of Rb and slightly 
less Sr. Dalle Soudée Formation pumices have lower original concentrations of all 
these elements; the high-LOl pumices are therefore inferred to have undergone 
relatively little leaching. 
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Fig. 6.11: Trace element variation with loss on ignition (LOt, measured during fusion of 
samples for XRF analysis). Line labelled"DEL" shows calculated concentrations obtained by 
reducing the starting composition by percentage LOl (plotted for high-concentration elements 
only). 
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The high Pb-concentrations in altered St Gilles and St Pierre Formation pumices is 
difficult to explain in terms of water-influenced post-magmatic alteration. However, 
as samples of these formations were taken from busy road sections, it is possible that 
lead from car fumes has become adsorbed onto the surface of the pumices. This 
hypothesis could be tested isotopically. 
6.5: Fractionation sequence 
Pyroxene, feldspar, magnetite and olivine are inferred to be fractionating throughout 
Phase IV genesis from c. 46% Si02 onwards; CaO, MgO, FeO+Fe 203 , and Sc fall 
with increasing Si0 2, removed in pyroxene; CaO and Sr are removed in plagioclase; 
MgO, FeO+Fe203 and Ni are removed in olivine; Ti02, FeO+Fe203 and V are 
removed in magnetite. P205 reaches a maximum at c. 50% Si02; this is the inferred 
position of the onset of apatite fractionation. Inflection points in the trend at K  (55-
57% Si02) and K2 (c. 61% Si0 2) are due to changes in the fractionating assemblage; 




Phase IV deposits form a silica-oversaturated alkaline series, with hawaiite to 
trachyte juvenile pumices, fiamme and lavas. The Salazie, St Louis and Dalle 
Soudée Formations and late-stage summital lava-flows are internally heterogeneous. 
Analyses from the Salazie and St Louis Formations follow a single liquid line of 
descent; Dalle Soudée Formation material forms a parallel trend. The Salazie 
Formation is normally zoned, with an evolved (quartz trachyte) lower flow-unit 
(Sal 3) and a primitive (mugearite) upper flow-unit (Sal 4). The St Louis Formation is 
mixed, with evolved (GGQ) pumice contained as blobs and streaks within more-
primitive GBQ and BDM pumices. The Dalle Soudée Formation contains mixed 
units DS 2 , DS 2L and DS 31  spanning the compositional range mugearite-benmoreite. 
Late-stage summital lava-flows follow the same trend as the Dalle Soudée 
Formation. 
The St Pierre and St Gilles Formations are internally homogeneous; much within-
deposit variation can be accounted for in terms of secondary processes such as post-
magmatic hydration of glass, and leaching of alkali elements. These deposits are 
enriched in some "incompatible" elements (e.g. Rb, Sr, Zr) with respect to the St 
Louis, Salazie and Dalle Soudée Formations, and depleted in others (Ba, Y, Zn); 
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CHAPTER 7 
Synthesis and Discussion: Petrogenesis of Phase IV 
Magmas 
7.1: Introduction. 
This chapter presents a synopsis of the geochemical and petrographic characteristics 
of Phase IV eruptives. Evolutionary models are presented and discussed. The 
physical properties of a magma and its immediate environment (e.g. the geometry of 
the sub-volcanic magma-chamber) ultimately govern how it will behave. An 
understanding of the physical properties of Phase IV magmas, and the conditions 
under which they evolved, is therefore desirable. Upper and lower limits on 
appropriate physical properties of Phase IV magmas are estimated in this chapter, 
with interpretations. 
7.2: Uncertainties 
The quantitative interpretation of Phase IV is subject to large uncertainties. 
Experimental data for evolved, alkaline systems are sparse; the number of phases 
involved is large; no elements are strongly incompatible with respect to crystallising 
phases; few published mineral-melt distribution coefficients are applicable; the 
effects of temperature, pressure, composition and volatile ccncentrations on 
distribution coefficients are largely unknown. Magma-mixing renders analysis of the 
phase relationships within the original magmas a complex procedure. 
7.3: Phase IV magma-chambers. 
Oceanic intraplate volcanoes are ephemeral and subject to subsidence so that deep 
intrusive bodies rarely become exposed. However, continuous activity over a long 
period, coupled with Pleistocene glaciation, has permitted a large, evolved, intrusive 
complex (the Rallier du Baty ring complex) to become exposed on the main island in 
the Kerguelen archipelago, in the southern Indian Ocean (Watkins et al., 1974; Dosso 
et al., 1979). Although a wide range in compositions is observed in the Rallier du 
Baty complex, quartz syenite is volumetrically dominant. The complex consists of a 
series of mutually intrusive, younging-inwards ring-structures fed by a large diapiric 
accumulation of low-density alkali magma (Dosso et al., 1979). Annular intrusive 
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complexes are also observed on Atlantic oceanic islands (Schmincke, 1973); on Gran 
Canaria, the Tejeda Formation cone-sheet complex has an estimated volume of 
50km3 . Piston-like emplacement of these intrusions caused holocrystalline syenite 
material in the interior to be uplifted by up to 1400m (Schmincke etal., 1990). The 
cone-sheet complex is thought to have been fed by a deeper magma-chamber, whose 
upper margin was an estimated 2km below sea-level (Schmincke etal., 1990). 
Piton des Neiges is also deeply dissected; thick, dike- and sill-like syenite intrusions 
are exposed in the central region of the volcano, some of which (e.g. the Bras Rouge 
sill) are internally heterogeneous (Upton and Wadsworth, 1967, Rançon et al., 1988). 
Phase IV magmas may therefore have evolved in similar, discrete, thick, annular or 
sill-like sheets (Deniel, 1990). However, evidence for caldera collapse during Phase 
IV implies that a substantial volume of magma was evacuated from a concentrated 
central zone (Nativel, 1977; Gillot and Nativel, 1982; Kieffer, 1993). The main 
volume of magma that erupted to form the pyroclastic formations may therefore 
equally have evolved in a larger, equant, deeper-level chamber, with sheet-like 
protrusions and feeders along lines of weakness into the overlying volcanic pile 
(Kieffer, 1990; Lecointre, 1992). This model resembles that proposed for the 
Kerguelen Rallier du Baty complex (Dosso et al., 1979), and for the Gran Canaria 
Tejeda Formation (Schmincke etal., 1990). 
Diking and stoping are the commonest mechanisms of intrusion of basalt into cool, 
brittle rocks (Marsh, 1982), and are the most likely mechanisms for the shallow 
intrusion of Phase IV magmas. The orientation, size and shape of the resulting 
intrusions are related to the regional stress-field, the tensile strength of the crust and 
the rheology of the melt and its surroundings (Maaløe, 1985; Macdonald et al., 1988; 
Mingard, 1990). Emplacement may be driven either by excess pressure in the 
magma-chamber or by buoyancy forces (Macdonald et al., 1988). Excess pressure 
can move the magma either horizontally or vertically, but buoyancy forces only 
operate vertically. Dikes are propagated at their tips; the physical properties and 
initial temperatures of the magma and the wall-rock will determine whether a chill 
zone is formed or whether the magma chamber boundary will move outwards by 
melting of the wall rocks (Carrigan, 1988; Huppert and Sparks, 1989). The initial 
behaviour of a magma intruded into relatively cold country rocks will be to chill 
against them (Huppert and Sparks, 1989). Where a chilled margin is forming, the 
crack is "zipped up" behind the dike by the advancing chilled margin (Fig. 7.1; Secor 
and Pollard, 1975), and may therefore become physically and thermally isolated from 
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the feeder intrusion. In homogeneous crust, a dike will have a vertical cross-section 
like a highly elongated, inverted tear-drop (Weertman, 1971; Pollard and Muller, 
1976). Composite dikes and sills are common, as a recent intrusion presents the path 
of least resistance for fresh magma. Diapirism is more common in the case of deeper 
bodies, intruded into hotter material (Marsh, 1982). Magma:host-rock viscosity 
contrasts of 6-8 orders of magnitude are required to generate bodies with 
thickness: length aspect ratios of <10 -1 (Rubin, 1993). Host crust, heated as a result of 
successive intrusive episodes and subsequently intruded by evolved, viscous magma, 
may not provide a viscosity contrast large enough for diking and stoping to occur. 
(2) 





Chilled margin advances 
in direction of dike 
propagation 
Crack closes behind 
advancing magma 
Fig. 7.1: Mechanism of dike propagation (after Secor and Pollard, 1975). The dike is propagated 
at its tip (1); the chilled margin advances in the direction of dike propagation, "zipping up" the trailing 
end of the intrusion (2). 
Fig. 7.2 gives a summary of the model proposed for Phase IV magma-chambers. 
Stoping or diapirism produced the main, equant, fractionating chamber at 
intermediate depth. Smaller-volume, fractionating, dike- and sill-like branches 
protruded upwards from this chamber into the volcanic pile, forming an annular 
complex. Repeated intrusion into these branches generated a number of 
disconnected, high-level, fractionating bodies. This model is applied to existing 
pyroclastic deposits in following sections. 
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Fig. 7.2: Diagram showing general model for the evolution of Phase IV magmas. 
7.4: Heterogeneous pyroclastic formations (the Salazie St Louis and Dalle 
Soudée Formations) and late-stage lavas 
7.4.1: Generation of compositional heterogeneities in magma chambers 
Studies of volcanic deposits frequently reveal internal heterogeneity, attributed to the 
co-existence of magmas with different compositions in the sub-volcanic chamber. 
Zoned pyroclastic deposits are a recognised phenomenon in a variety of tectonic 
settings including destructive plate margins (e.g. Ritchey, 1980; Hildreth, 1981; 
Michael, 1983; Cameron and Cameron, 1986; Druitt and Bacon, 1988; Roden, 1989;. 
Baker et al., 1991); continental intraplate, (e.g. Wörner and Schmincke, 1984; 
McDonald et al., 1992); and oceanic island (e.g. Schmincke, 1969; Widom et al., 
1993). Compositional gaps are thought to represent sharp horizontal compositional 
interfaces in the pre-eruptive magma chamber (Hildreth, 1981). Commonly an 
evolved base and overlying, more primitive material form one cooling unit. The 
deposit is interpreted to show the inverted stratigraphy of a vertically stratified pre-
eruptive magma chamber, in which dense, primitive magma is ponded beneath a less 
dense, silicic capping layer. 
The stratified magma chamber is generated by any one of a number of mechanisms 
(see Wilson, 1993 for a review). These mechanisms may broadly be divided into 
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liquid-liquid mechanisms (magma mixing, liquid immiscibility, thermogravitational 
diffusion, replenishment) and crystal-liquid mechanisms (magma mixing, fractional 
crystallisation and assimilation). Historically, crystal-liquid fractionation involving 
gravitational settling of crystals has been strongly favoured as the main cause of 
magmatic differentiation (Bowen, 1928; Wager and Deer, 1939; Daly, 1933; Wager 
and Brown, 1968). 
Thermogravitational diffusion has been observed to occur over very short time-
scales in experimental systems (Lesher and D. Walker, 1991). The required 
temperature gradient is very high ( D. Walker et al., 1981). Such a temperature 
gradient is most likely to be observed in the boundary layer of a magma chamber 
(Carrigan and Cygan, 1986; Cygan and Carrigan, 1992). It is thought that 
thermogravitational diffusion may locally modify the pattern of magmatic 
differentiation near the walls and roof of a magma-chamber (Hess, 1989). However, 
the effect is likely to be small and often of the opposite sense to that observed in 
natural magmatic systems (Lesher, 1986; Lesher and Walker, 1988). 
Replenishment of silicic chambers is likely to be by denser, more-primitive material 
which will initially pond at the base (Huppert and Sparks, 1980; Huppert and Turner, 
1981), generating a stratified magma chamber. Many layered igneous intrusions are 
thought to have been generated by replenishment followed by fractional 
crystallisation (e.g. Rum: Bedard et al., 1988; Pleasant Bay: Weibe, 1993). Such 
open-system processes modify the liquid line of descent (O'Hara, 1977; O'Hara and 
Mathews, 1981), although it will remain close to the relevant cotectic (Nielsen, 
1990). 
Melting and/or Assimilation of the low-temperature melt-fraction of the intruded 
crust, partly driven by the latent heat released by fractional crystallisation 
(Assimilation-Fractional Crystallisation or AFC), may generate significant volumes 
of silicic magma, which may remain as a silicic cap to the chamber or be assimilated 
by the main magma volume (Allegre and Minster, 1978; R. L. Smith, 1979; Taylor, 
1980; De Paolo, 1981; Ghiorso and Kelemen, 1987; Campbell and Turner, 1987; 
Huppert and Sparks, 1988; Nielsen, 1990). Lateral compositional discontinuities 
may also arise, especially in high aspect-ratio (i.e. sill-like) bodies (Oldenberg et al., 
1989). 
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Experimental studies have shown that the side-walls, roof and floor of a magma-
chamber are the main sites of cooling and crystallisation (Turner and Gustafson, 
1981; McBirney et al., 1985; Marsh, 1988; Morse, 1988; Tait and Jaupart, 1989). 
The evolved magma is produced locally at the crystal margins and then migrates 
back into the main, convecting body (Langmuir, 1989). If the magma thus generated 
is much less dense than that in the main part of the chamber, it may pond at the roof 
(Sparks and Huppert, 1984; Trial and Spera, 1990). This process is referred to as 
compositional convection, convective fractionation (Sparks and Huppert, 1984; 
Turner and Campbell, 1986) or liquid fractionation (McBirney et al., 1985). Within 
the boundary layer there will be gradients of heat, chemical components and 
momentum (McBirney and Noyes, 1979; Brandeis and Jaupart, 1986). The 
solidification zone migrates into the centre of the chamber (Worster et al., 1990). 
Mixed-magma textures are commonly observed in igneous systems. Field evidence 
for magma-mixing takes the form of composite sills and dikes, notably in Iceland and 
the British Tertiary Igneous Province (e.g. Bell, 1983); banded pumice (e.g. Askja, 
Iceland: Sigurdsson and Sparks, 1980); and co-existing pumices and fiamme of 
different compositions (e.g. Gran Canaria, Schmincke, 1990). Experiments 
demonstrate that two magmas may easily be mixed even under conditions of laminar 
flow (Kouchi and Sunagawa, 1985). 
Density, temperature, and viscosity differences between magmas will tend to inhibit 
complete hybridisation, allowing mixed-magma textures to be preserved (McBirney, 
1980; Sparks and Marshall, 1986; Huppert et al., 1984). Huppert et al. (1982) 
showed that inhibition of mixing through density differences may be mitigated by 
vesiculation at a compositional interface. The presence of phenocrysts >0.5cm in 
diameter, although increasing magma viscosity, greatly increased the efficiency of 
mixing in experimental systems (Kouchi and Sunagawa, 1985). 
When mixing does not goto completion i 	 resultant 
compositions form a - linear array on Harker diagrams. In the absence of other 
evidence for mixing, caution must be exerted in interpreting all such arrays in this 
way, as they may also be produced by other processes (Cox et al., 1979). In 
hybridised magmas, the occurrence of mixing may be deduced from phenocryst 
zoning patterns (e.g. Hibbard, 1981; Kuo and Kirkpatrick, 1982), from 
disequilibrium phenocryst assemblages, from phenocryst corrosion (e.g. Eales et al., 
1991), and from melt inclusions in phenocrysts (e.g. Dungan and Rhodes, 1978). 
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Mixing between magmas with different temperatures and volatile contents may lead 
to vesiculation, overpressure and eruption (Sparks et at., 1977; Huppert et al., 1982). 
Fluid dynamic models show that eruption taps magmas from a radially-symmetric 
region around the escape point (Fig. 7.3). One or more compositional interfaces may 
enter the tapped region during an eruption, due to a decrease in volume of the silicic 
cap, or to an increase in depth of drawdown. Several magmas may then be 
withdrawn simultaneously, producing a deposit with mixed-magma texture (Blake, 
1981). If the viscosity contrast between the magmas is high, the low viscosity 
material may be withdrawn preferentially despite its higher density (Spera, 1984; 
Blake and Ivey, 1986). In cases where eruption rates are high, volatile contents are 
likely to have a more important effect on the withdrawal dynamics than viscosities 
(Wolff et al., 1990). 
7.4.2: The Salazie Formation 
Evidence for heterogeneity in the Salazie Formation 
Fiamme from Sa1 3 (lower flow-unit) and Sal 4 (upper flow-unit) form a coherent, 
though discontinuous, fractionation trend. The eruptive sequence was: (i) Proximal 
facies of Sa1 3 ; (ii) Distal facies of Sal 3 ; ( iii) Sal4 . Significant compositional gaps 
exist between three discrete geochemical batches: low-Si0 2 (black) trachytes; high-
S'02 (green) trachytes; and Sal 4 mugearites. These gaps are interpreted to represent 
sharp, compositional interfaces in the pre-eruptive magma-chamber. 
The proximal facies of Sal 3 presents overwhelming evidence for magma mixing 
(Chapters 3, 4 and 6). Black fiamme (glassy trachytes with c. 63% Si0 2) coexist 
with more-evolved, green, devitrified fiamme. Green fiamme have lower-An 
anorthoclases (which therefore crystallised at lower temperature and higher P(H 20)), 
significantly higher whole-rock SiO 2 and incompatible-element concentrations (e.g. 
REE, HFSE, LILE, 	- - ); and lower compatible-element concentrations 
(e-.g. 	 Sr, Sc, and Ni) than black fiamme. 
Anorthbclase, hedenbergite, magnetite and apatite were on the liquidi Of both 
trachyte types. 
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- Escape point 	Chamber Roof 
Fig. 7.3: Hypothetical, flat-rooted, zoned magma chamber. Each zone A-D is represented 
by a horizontal layer of thickness R. Superimposed are a family of curves which define the 
original locations of points which will be removed simultaneously from the chamber. 
During an eruption in which only layer A is initially withdrawn, material from zone B will 
enter the conduit once the critical depth of drawdown, d,is exceeded (after Blake, 1981; 
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Fig. 7.4: Diagram summarising the range in fiamme compositions in the proximal and distal 
facies of Sal 3. A wider range in feldspar (A) and glass (B) compositions is observed in the distal 
facies than the proximal facies; extending to more primitive compositions. Increasingly 
primitive material joined the eruption as it proceeded. 
An 
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The characteristics of fiamme from the proximal facies of Sa1 3 are contrasted with 
those from the distal facies in Fig. 7.4. Distal facies fiamme were smaller, due to 
syn-eruptive clast attrition, and more heterogeneous. The distal facies contained a 
range of feldspars, mainly in the anorthoclase and oligoclase fields, and two calcic 
clinopyroxenes (salite and hedenbergite). A small volume of benmoreite magma, 
with saute, oligoclase apatite and magnetite on its liquidus, may have erupted with 
the two trachyte magmas to form the distal facies of Sa1 3 . Similar observations of 
heterogeneity in the Toquima caldera complex, Nevada led Roden (1989) to suggest 
step-function zoning of the pre-eruptive magma-chamber. Embayment and rounding 
of oligoclase and saute .phenocrysts in the distal facies of Sa1 3 suggests that the 
benmoreite was in thermal or chemical disequilibrium before eruption. Sparse, 
more-primitive xenocrysts in the distal facies are attributed to the disintegration of 
friable xenoliths, a major factor contributing to heterogeneity in crystal populations 
in the distal regions of ignimbrites (Hermes and Cornell, 1981; Van de Bogaard et 
al., 1989; Widom et al., 1993). 
The Salazie Formation is a normally zoned deposit. The three Sa1 3 magmas (low-
S'02 trachyte, high-S'02 trachyte and benmoreite) were from the silicic cap of the 
chamber. Sal4 is significantly more primitive than Sal 3 ; fiamme from Sal 4 are 
mugearites with lower Si02 (50-55%), lower incompatible-element concentrations 
(REE, HFSE, LILE, Na 20 and K20), and higher compatible-element concentrations 
(Fe203 , MgO, CaO, Ti021  MnO, P2051  Sr, Sc, Ni) than Sal 3 fiamme. The most 
evolved Sa1 3 fiamme are enriched in incompatible elements by a factor of 2-3 over 
the most primitive Sa1 4 fiamme (Fig. 7.5). The compositional characteristics of 
Salazie Formation fiamme are summarised in Fig. 7.6. 
Sal4 is itself a heterogeneous deposit, containing fiamme with 51-54% Si0 2, and 
plagioclases An80 to 0r48Ab51 An 1 . Morphological evidence for crystal-melt 
disequilibrium is common in Sal 4. Feldspars are uniformly "more ternary" than those 










Fig. 7.5: Diagram showing major- and trace-element enrichment of the most-evolved (Sa1 3 
green flamme)relative to the most-primitive (Sal 4 mugearite fiamme)tSalazie Formation 
sample. Elements are plotted in order of increasing atomic number after Hildreth (1981). 
Interpretation of the Salazie Formation 
In previous investigations of zoned pyroclastic deposits, geothermometry has 
confirmed that the magmas were in thermal equilibrium (e.g. Bishop Tuff; Hildreth, 
1981; Novarupta 1912 eruption: Hildreth, 1983; Federman and Scheidegger, 1984). 
The thermal diffusivities of magmas exceed their chemical diffusivities by several 
orders of magnitude; thermal equilibration between the silicic cap and the underlying, 
hotter, more-primitive material occurs on a time-scale of <1000 years (Sparks and 
Marshall, 1986). The silicic cap magma, with its lower-temperature liquidus, is 
therefore typically aphyric, while the primitive lower layer is porphyritic (e.g. Mt 
Mazama: Druitt and Bacon, 1988; Bishop Tuff: Lindsley et al., 1991). However, in 
the Salazie Formation the phenoëryst content of Sa1 3 trachyte fiamme exceeds that of 
the Sa1 4  mugearite fiamme by a factor of 4. Phenocrysts include dense phases such 
as magnetite; the higher concentration of phenocrysts in the trachytes could not have 
been produced by flotation of crystals in the magma-chamber. The trachytic magma 
was therefore not in thermal equilibrium with the mugearite. There are two possible 
explanations for this observation: 
pLcr? MOST .VQLI3 
I QP63. mosT PRIMITIVE 
206 
The mugearitic magma was fed to the host (trachytic) magma-chamber very 
shortly before eruption. The Sal 4 mugearite is evolved, and could not have been a 
direct product of mantle melting. A corollary to this hypothesis is therefore that 
there is an intervening, occasionally tapped, fractionating chamber; 
The Sa14  mugearites were derived directly from such a chamber, and did not 
interact with the Sal3 trachytes. 
The first of these models is preferred, as it is a process similar to those which most 
adequately explain the petrographic characteristics of other Phase IV products. This 
model is summarised in Fig. 7.7. Replenishment of the high-level trachytic chamber 
with high-temperature mugearite from the main chamber is accompanied by eruption 
of the upper trachytic layers to form the proximal facies of Sal 3 . As the eruption 
proceeds, deeper, more-primitive material is tapped, forming the distal facies of Sa1 3 . 
Eventually only mugearite from the main chamber is erupted, forming Sal 4 . 
7.4.3: The St Louis Formation. 
Pumice characteristics and evidence for heterogeneity 
The St Louis• Formation is a geochemically heterogeneous deposit, whose 
geochemical trend coincides with that of the Salazie Formation. The characteristics 
of the different pumice types are summarised in Table 7.2. The most evolved 
pumices are porphyritic, green-grey quartz trachytes (GGQ), with >65% Si02 and 
>20% phenocrysts. Normally-zoned anorthoclase, hedenbergite, fayalitic olivine 
Fo<4, and magnetite were on the trachyte liquidus. GGQ pumices were occasionally 
found as discrete fragments, but more frequently took the form of streaks and blobs 
in other pumices. 
There is a compositional gap between GGQ and less-evolved GBQ (glassy, black 
benmoreite-quartz trachyte) pumices; GBQ have lower Si0 2 (54-61%), higher 
compatible-element concentrations (V, Sc, Sr, Fe 2031  P2051  MnO, MgO) and lower 
concentrations of than GGQ pumices. GBQ pumices also contain less-abundant 
(<5%), more-primitive phenocrysts, including olivines F0 420, both salites and 
ferrosalite-hedenbergites, feldspars of andesine to anorthoclase composition, 
ilmenites and titanomagnetites. Petrographic and mineral chemical evidence in GBQ 




High Ca, Mg, Fe, Ti, Mn, P, compatible elements. 
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Fig. 7.6: Schematic diagram summarising the geochemical and petrographic 
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high viscosity layer (a) or 
straight from main chamber (b) 
Mug erupted only 
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	 Ia7 	a13 
Fig. 7.7: Schematic cross-section through the active magma-chambers during eruption 
of the Salazie Formation. Arrows indicate mixing; Ti=high-silica trachyte; T2=low-silica 
trachyte; Ben=benmoreite; Mug=mugearite. 1. Replenishment of high-level chamber; TI 
and 72 mix and erupt to form the proximal facies. 2. As the volume of Ti and T2 
diminishes, benmoreite magma joins the erupting assemblage to form distal facies of Sa1 3 
3. Replenishment of the high-level chamber continues; fresh mugearite magma is the only 
one to be erupted, forming Sal 4 . Although no evolved magma is erupted, a residue may 
remain in the high-level chamber but fail to be erupted due to its higher viscosity. 
Alternatively, mugearite magma may be erupted straight from the main chamber. 
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clinopyroxenes; resorbed and overgrown phenocrysts; and reverse zoning in 
feldspars. 
Table 7.1: Summary of the geochemical and petrographic characteristics of the different 
pumice types from the St Louis Formation. 
BDM (primitive) 	GBQ (intermediate) 	GGQ (evolved) 
- Black - Black, glassy - Green-grey, devitrified 
- 2% vesicles - 54-55% vesicles - <2% vesicles 
- <1.5% phenocrysts - <5% phenocrysts - >20% phenocrysts 
- Olivines: F03788 - Olivines: F0420 - Olivines: Fo<4 
- Pyroxenes: - Pyroxenes: - Pyroxenes: 
Hd1530 and Hd>8098 Hd2535, Hd5560, Hd8098 Hd>98 
- Feldspars: - Feldspars: - Feldspars: 
An7 2 1 Ab27820r236 An36 1 Ab6 1 820r336 An2-,Ab68-62Or3l-37  
- Normal zoning - Reverse zoning - Normal zoning 
- 49-54% SiO - 54-61% Si02 - >65% Si02 
- 300-550ppm Ba - 550-1200ppm Ba - 200-300ppm Ba 
- Low Na2O, K20, REE, - Intermediate Na20, K20, REE, - High Na20, K20, REE, 
HFSE, LILE - HFSE, LILE HFSE, LILE 
- High MgO, NiO, MnO, - Intermediate MgO, NiO, MnO, - Low MgO, NiO, MnO, 
Fe203, P20, V, Sc, Sr Fe203 , P20, V, Sc, Sr. Fe203, P20 5 , V, Sc, Sr 






Fig. 78: Diagram showing major- and trace-element enrichment of the most-evolved (GGQ) 
relative to the most-primitive (BDM$tSt  Louis Formation sample. Elements are plotted in order of 
increasing atomic number after Hildreth (1981). 
BDM (black, devitrified mugearite) pumices are the most primitive, with 49-54% 
Si02, higher concentrations of compatible elements and oxides (V, Sc, Sr, Fe 2031  
P2051  MnO, MgO) and lower concentrations of Na 20, K20, LILE, HFSE and REE 
than GBQ pumices. BDM and GBQ pumices form a continuous series. BDM 
r3i'Jsb 
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pumices are non-vesicular, and very sparsely phyric; observed phenocryst phases 
include olivine F0 3788 , both saute and hedenbergite pyroxenes, normally-zoned 
andesine/labradorite to anorthoclase feldspar, ilmenites and titanomagnetites. The 
range in pyroxene and feldspar compositions is evidence for mineral-melt 
disequilibrium; this range extends to more primitive compositions in BDM than 
GBQ pumices. GGQ pumices are enriched in incompatible elements by a factor of 
2-4 over the most-primitive BDM pumice (Fig. 7.8). Th appears to be even more 
enriched but as it is approaching its detection limit in BDM pumices the high 
enrichment factor is not thought to be significant. 
Interpretation of the St Louis Formation 
The frequency of the three main pumice types sampled from this deposit did not 
change with stratigraphic height through the unit (Fig. 7.9). Pumices of all three 
compositions were erupted simultaneously, with intermixing occurring between 
them. 
Fig. 7.9: Variation in Si02 with stratigraphic height through the St Louis Formation. A wide 
range in pumice compositions is found throughout the exposure. 
GGQ pumices occur as geochemically and petrographically discrete material 
throughout the deposit, and were erupted from the most-evolved material in the 
silicic cap of a chemically stratified magma-chamber. The compositional gap 
between the most-evolved GBQ pumice and GGQ pumices represents a sharp 
interface between co-existing magmas of GBQ and GGQ composition in the sub-
volcanic magma-chamber. Green trachyte fiamme from unit Sal 3 of the Salazie 
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Formation have almost identical mineral chemistry and whole-rock geochemistry to 
GGQ pumices, but contain altered ferromagnesian minerals. 
The major- and trace-element geochemistry of the continuous series BDM-GBQ can 
be accounted for in either of two ways: 
by mechanical mixing of differing proportions of the most-evolved GBQ and 
most-primitive BDM magmas; or 
the simultaneous eruption of a range of magmas from a continuously-zoned 
magma-chamber. 
The magma-mixing hypothesis would explain the disequilibrium phenocryst 
assemblages in both pumice types, and the transition from normal to reverse zoning 
of plagioclase phenocrysts from BDM to GBQ. However, the K! inflection point in 
the fractionation trend appears at approximately 57% Si02, at which A1,03 reaches a 
maximum (Fig. 7.10). This inflection point cannot be explained by mixing the high-
S'02 and IOW-S'02 end-members, both of which have low A1 203 . It is likely that the 
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Fig. 7.10: Variation of A1203 with Si02 in the St Louis Formation. K! and K2 inflections are as 
shown. The array of compositions described by the BDM and GBQ pumices could not have been 





porphyritic GGQ magma 
Simultaneous eruption of all 
compositions through high-level 
mixing 
Overturn and mixing in the high-level 
chamber; volatile exsolution and eruption 
GBmagma 
iMain chamberHigh-A1 20 3 GBQ magma 
BDM magma 
Replenishment? 
Overturn and mixing of the 
stratified main chamber 
causes volatile exsolution 
in the upper layer (GBQ). 
The resultant overpressure 
causes the main chamber 
to divert magma into 
the overlying, high- 
level GGQ chamber. 
Fig. 7.11: Schematic cross section through the magma chambers active during the eruption of 
the St Louis Formation. 1. Situation before the eruption: The main magma-chamber is stratified, 
with denser, BDM magma at its base and less-dense, GBQ magma towards the top. The high-level 
magma-chamber contains porphyritic GGQ magma. 2. Overturn and mixing of the stratified main 
chamber causes replenishment of the high-level chamber, volatile exsolution and eruption. 
Catastrophic mixing occurs in the high-level chamber so that all pumice compositions are erupted 
together. 
The preferred model for the production of the St Louis Formation is summarised in 
Fig. 7.11. As in the case of the Salazie Formation, the most evolved pumices (GGQ) 
were also the most porphyritic. The co-existing magmas were therefore not in 
thermal equilibrium. Heterogeneous, mixed BDM-GBQ magma from the main 
chamber was injected into a high-level chamber (which contained GGQ magma) 
shortly before eruption. 
Replenishment and mixing are possible causes of eruption; both processes may cause 
volatile exsolution (Sparks et al., 1977; Huppert et al., 1982). The proposed 
sequence of events is: i. generation of the BDM-GBQ series by paired recharge and 
fractionation in the main sub-volcanic magma chamber; ii. injection of the 
heterogeneous mixture into an existing, higher level chamber containing GGQ 
magma; iii. mixing and violent eruption of the entire contents of the high-level 
chamber (Fig. 7.11). 
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7.4.4: The Dalle Soudée Formation DS 23 and late-stage lavas. 
The Dalle Soudée Formation represents at least two discrete events, separated by an 
erosional hiatus (see Chapter 3). The first of these events produced units DS-,, DS,L 
and DS 3 , which are all heterogeneous. DS 2 pumices are streaky, sparse ly-phyric, 
devitrified, vesicular mugearites with: 47-57% Si02 ; hedenbergite and oligoclase-
anorthoclase phenocrysts; and olivine xenocrysts F0 8884. Streaks of evolved, 
porphyritic, microcrystalline material contain anorthoclases, and acmite-rich 
hedenbergitic pyroxenes. 
DS 2L is a mixed-magma lava; its field appearance is "swirly" and heterogeneous, 
while XRF analyses of samples with differing external textures reveal the co-
existence of a benmoreite (>59% Si02) with a mugearite (<54% Si07). The 
benmoreite analysis may represent the evolved end-member pumice from DS 2 . 
Blocks from DS 3 are sparsely-phyric, devitrified mugearites with 52-53% Si07 . 
Despite the narrow range of whole-rock compositions, field textures suggest that DS 3 
is a mixed-magma deposit. Petrographic evidence for heterogeneity includes the 
range in olivine phenocryst compositions F04932 ; the co-existence of two calcic 
clinopyroxenes salite Hd 1525 and ferrosalite Hd 6075 ; and the range in feldspar 
compositions andesine-oligoclase. The homogeneous whole-rock composition may 
have been produced by hybridisation of two mugearitic magmas with differing 
phenocryst populations. 
Dunite xenoliths were observed in the Dalle Soudée Formation; such xenoliths 
contained olivines with a similar composition to the xenocrysts from DS2. It is 
therefore suggested that the primitive (Fo 9083) olivine xenocrysts in distal DS 2 and 
DS 3 were derived from xenoliths which were disrupted during transport and 
deposition. These xenoliths are not thought to have been directly related to Phase 
IV genesis (see Chapter 5). 
Late-stage lavas are compositionally similar to DS 23 pumices and blocks, but contain 
a homogeneous (rather than bimodal) phenocryst assemblage including olivines F0 68 
70' pyroxenes Hd2540, and normally-zoned andesine-labradonte plagioclases An 6040 . 
Primary amphiboles were observed in both late-stage lavas and DS 4 trachytes; it may 
be concluded that both evolved under higher P(H 20) than DS23 eruptives. As DS 4 









stage lavas and the DS 4 block- and ash-flow deposits may have fractionated from a 
hotter, deeper-level magma than DS 23. The most evolved Dalle Soudée Formation 
sample is enriched in incompatible elements by a factor of 1.5 to 2.5 over the most 
primitive Dalle Soudée Formation sample (Fig. 7.12). 
Fig. 7. 12: Diagram showing relative major- and trace-element enrichment of the most-evolved 
Dalle Soudée Formation sample. Elements are plotted in order of increasing atomic number after 
Hildreth (1981). The evolved sample is generally enriched in incompatible elements, and depleted in 
compatible elements with respect to the primitive sample; apparent enrichment in Ni and depletion in 
Pb and Th is due to analytical error as these elements were close to their detection limits. 
Interpretation of DS 2, DS2L, DS3 and late-stage lavas 
DS2, DS2L and DS 3 are coeval, erupted from a single, high-level, periodically 
replenished, occasionally tapped, fractionating (RTF) magma-chamber (as modelled 
by O'Hara and Mathews, 1981). Prior to the eruption of DS 21  the chamber was 
zoned. Its main volume consisted of a sparsely-phyric, hybridised mixture of 
benmoreite and mugearite magmas; evidence for a small-volume, evolved 
benmoreite cap to the chamber is found as streaks of evolved material in DS 2 
pumices. The Na-content of Fe-rich pyroxenes in evolved DS 2 streaks is higher than 
that observed in any other pyroxenes from juvenile pumice, fiamme or lavas 
(Chapter 4), which indicates crystallisation from a more peralkaline residual magma 
(Aoki, 1964; Larsen, 1976). 
As in the case of the Salazie and St Louis Formations, the evolved cap was more 
porphyritic than the underlying mugeante-benmoreite hybrid. It is therefore inferred 
(o5r &'(Ol,-VP sAmPL-. 	l4flST 60140 5(nP4 
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that an existing, high-level, small-volume chamber containing porphyritic benmoreite 
magma was replenished by addition of a mugearite-benmoreite hybrid from the 
deeper, main chamber shortly before eruption. Mixing of the magmas in the main 
chamber produced a mugearite hybrid with a heterogeneous phenocryst population. 
Initially, during the eruption of DS,, this hybrid was incompletely homogenised. 
DS2 therefore contains heterogeneous black pumices. By the time DS,L and DS 3 
were erupted, homogenisation in the main chamber was complete. 
As the volatile content declined, so the DS 2L lava was erupted; this lava was a 
product of similarly heterogeneous magmas. The eruption of DS 3 represents a 
catastrophic explosive event, involving the hybridised mugearite only. During or 
immediately prior to eruption, the more evolved, benmoreite cap from the high-level 
chamber mixed with the underlying mugearite magmas, producing heterogeneous 
pumices. 
The inferred sequence of events leading to the eruption of the Dalle Soudée 
Formation and late-stage lava-flows is summarised in Fig. 7.13: 1. Genesis of a 
small-volume, porphyritic benmoreite magma in a high-level chamber; 2. 
Hybridisation of mugearite and benmoreite magmas in a deeper, main chamber; 3. 
Replenishment of the high-level chamber with hybridised mugearite from the main 
chamber; 4. Mixing and eruption of the silicic cap and hybridised mugeante, which 
now occupy the high-level chamber, to form DS 2, DS 2L and DS 3 . 5. Further 
replenishment, mixing and fractionation of magmas introduced into high-level 
chambers from an intermediate zone to produce the late-stage summital lava-flows. 
7.5 Homogeneous pyroclastic formations: The St Pierre and St Gilles 
Formations. 
The majority of intra-formational compositional heterogeneities within the St Pierre 
and St Gilles Formation were generated by post-magmatic alteration of the original 
pumices by meteoric water (see Chapter 6). The processes responsible for generating 
differences in pumice composition: (i) between the homogeneous and heterogeneous 
formations and (ii) between the St Gilles and St Pierre formations are discussed in a 
later section. The St Gilles and St Pierre Formations were erupted from a chamber 
containing homogeneous, super-liquidus, aphyric benmoreite magma. Given the 
prevalence of magma-mixing in the generation of the heterogeneous deposits, and the 







1. Before eruption, a small, high- 
level magma chamber contained evolved, 
porphyritic benmoreite. The main chamber 
was stratified, containing discrete 
benmoreite and mugearite layers 
Replenishment of high-level chamber 
with mixed mug-benm magma 
Overturn and mixing in the 
main chamber (possibly caused by 
replenishment from depth) 
2. Overturn and mixing occurs in the 
main chamber, generating an 
incompletely mixed benmoreite-
mugearite hybrid. The high-level 
chamber is replenished with this hybrid, 
which is erupted with streaks of the 
evolved, porphyritic resident magma 
to form DS 2 The mixed mugearite-
benmoreite is erupted to form DS2 L. 
2 
Replenishment continues. Eruption of 
the mug-benm hybrid is favoured due 
to its low viscosity. 	 3. Mixing continues towoIrds 
homogenisation in the main chamber, 
generating a mugearite-benmoreite 
hybrid with a mixed phenocryst 
population, erupted as DS 3 
Mixing proceeds towards homogenisation 
in the main chamber 
Fig. 7.13: Schematic cross-section through the magma chambers active during the 
eruption of the Dalte Soude Formation units OS 2-3 
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thought that the characteristics displayed by the St Pierre and St Gilles Formation 
pumices may have been generated by the mixing of two magmas, generating a hybrid 
magma which is then above its liquidus. 
7.6 Relative ages of the St Louis and St Pierre Formations 
The relative ages of the St Louis and St Pierre Formation deposits are not constrained 
by either field relations or radiometric geochronology (Lecointre, 1992; Deniel et al., 
1992; Chapter 3 of this study). The positions of offshore coring sites where 
pumiceous layers have been observed are shown in Fig. 7.14A (Philippot, 1984); 
simplified lithostratigraphic logs show the relative depths at which these layers 
occurr. Published analyses of pumices from cores (from Philippot, 1984) are 
compared with analyses of pumices from Phase IV pyroclastic deposits in fig. 7.14B. 
The St Louis and St Pierre formations are exposed at sea-level onshore, and are 
therefore assumed to have extended offshore. Core CK80 (30km offshore, to the 
south west of St Louis) contained three pumiceous layers, marked CK80 II, CK80 Ill 
and CK80 IV on the logs. The youngest of these offshore layers (CK80 IV) contains 
pumices with similar compositions to those of BDM pumices from the St Louis 
Formation; an older layer (CK80 ifi) contains pumices with compositions similar to 
those observed in the St Pierre Formation. Core CK80 ifi is therefore assumed to be 
the offshore extension of the St Pierre Formation, and CK80 N to be part of the St 
Louis Formation. The St Louis Formation is therefore significantly younger. 
Pumices with compositional characteristics similar to the St Pierre Formation are 
found as far as 80km offshore in core CK83. This pumiceous layer may be 
interpreted as a very distal part of a pyroclastic flow deposit (in which case the 
eruption was far more voluminous than previously estimated), or as sub-aerial fall-
out tephra. However, it is not known to what extent the clasts may have been 
reworked. 
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Fig 7.14A: Bathymetric map of Reunion and surrounding area showing position of 
coring sites CK83, CK80, CK147 (after Philippot, 1984). Accompanying 
lithostratigraphic logs show the relative position of pumiceous layers (circles) thought to be 
of primary volcanic origin. Approximate onshore exposures of pyroclastic formations 
sampled in the current study: L= St Louis Formation; P=St Pierre Formation; D=Dalle 
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Fig 7.14B: Graph of Na20 vs K20 showing fields of submarine pumices (Phillippot, 
1984), with data from this study superimposed. Dotted lines are lines with gradients of 
0.5, 1 and 2 as shown. Where compositions of submarine pumices are similar to those of 
pumices from nearby onshore formations, the former are thought to represent the submarine 
extension of the latter. CK 80 IV pumice (the youngest from core CK80) are 
compositionally similar to primitive St Louis Formation pumices (open triangles); CK 80 
Ill pumices (from a lower stratigraphic level in the same core) resemble St Pierre 
Formation pumices (open squares), implying that the St Louis Formation is the younger of 
the two. Filled circles=Salazie Formation; Filled triangles=St Gilles Formation; Grey 
triangles=Dalle Soudée Formation. 
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7.7 Petroenesis of Phase IV mamas 
7.7.1: Petrogenesis of the heterogeneous (St Louis and Salazie Formation) deposits 
7.7.1.1: Introduction 
In this section, the relative importance of simple Rayleigh fractionation, in situ 
crystallisation, AFC and mixing processes in the generation of evolved Salazie and St 
Louis Formation magmas from a primitive St Louis Formation parent are assessed. 
Assimilation/fractional crystallisation (AFC) is one of the most important methods of 
producing evolved melt in continental crust (Allegre and Minster, 1978; De Paolo et 
al., 1981), and has been cited as the only mechanism by which significant deviation 
from the original liquid composition may occur (Trial and Spera, 1990). However, 
Phase IV magmas are evolved, with low-temperature liquidi, and therefore unlikely 
to have assimilated large volumes of more-primitive shield or Phase HI lavas. Even 
if assimilation of primitive shield was an important process in Phase IV petrogenesis, 
its occurrence cannot easily be demonstrated, as Piton des Neiges has a homogeneous 
radiogenic isotope signature (McDougall, 1971; Gillot and Nativel, 1982; Fisk etal., 
1988; Deniel, 1990; Deniel et al., 1992); any assimilated material has the same 
isotopic composition to the host magma. 
Nevertheless, the process suggested for the juxtaposition of porphyritic, evolved 
eruptives and aphyric more-primitive eruptives (observed in the Salazie, St Louis and 
Dalle Soudée Formations) is a form of AFC. However, the assimilated materials 
were high-level, Phase IV hypabyssal intrusions in the annular complex. Recently 
injected intrusions would represent the planes of least resistance for freshly intruded 
magma, whether they contain hot, partially-molten crystal mush or porphyritic, 
possibly fractionating magma (Secor and Pollard, 1975). 
This process can also be viewed by imagining the annular high-level complex to 
consist of several, high-level, periodically Replenished, occasionally Tapped, 
Fractionating (RTF) chambers. O'Hara and Mathews (1981) showed that RTF 
chambers produce an array of magmas lying between the equilibrium and fractional 
crystallisation paths. Nielsen (1990) showed that a chamber undergoing paired 
recharge and fractionation will erupt magmas with major-element contents close to 
the liquid line of descent calculated for simple Rayleigh fractionation, but more 
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solids will appear to have been extracted than is actually the case. The actual liquid 
line of descent will remain close to relevant cotectics, and trace element contents will 
be buffered towards the composition of the replenishing magma. 
7.7.1.2: Least-squares analysis of whole-rock major-element data from the 
heterogeneous formations 
As a first approximation, the coherent, semi-continuous trend displayed by the 
juvenile pumices and fiamme from the heterogeneous formations is proposed to be 
generated by fractional crystallisation of observed phenocryst phases. Olivine, 
plagioclase, titanomagnetite, ilmenite and clinopyroxene are assumed to have 
remained on the liquidus throughout fractionation; apatite entered the sequence at c. 
50% Si02 (See Chapter 6). Inflections Ki (55-58% Si02) and K2 (c. 61% SiO,) are 
inferred to have been produced by changes in liquidus phase compositions and 
proportions during fractionation. Although amphibole was only observed as a 
phenocryst in DS 4 trachytes, it is found as a primary phase in cumulate xenoliths. 
Other authors have suggested that amphibole entered the fractionating assemblage 
late in the sequence (Upton and Wadsworth, 1972; Nativel, 1977). A pargasitic 
hornblende (analysis from D5 4) was therefore added to the fractionating assemblage. 
Hypothetical least-squares models for fractionation trends observed in these two 
formations were generated using the program MODES, written by C. E. Ford. 
Trends were calculated in five stages, taking into account inflection points (Fig. 
7.15). Whole-rock analyses used during each stage are presented in Table 7.2; 
phenocryst compositions are summarised in Table 7.3. 
Table 7.2: Parent and daughter analyses used in each stage of least-squares modelling 
Stage: 	1 	 2 	3 	 4 	 5 
Parent 	BP140-11 	BP157 	BPI54D 	BP154A 	BP20I 
Daughter BP157 BP154D BP154A BP201 BP 197 
The chosen parental magma was the most primitive pumice analysis from the St 
Louis Formation, BP140-1 1. Sums of the squares of the residuals were less than I 
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Fig. 7.15: Graph of A1203 versus Si02 in St Louis and Salazie formation pumices and fiamme. 
This graph was divided into 5 steps for major element least-squares modelling as shown. Points 




Table 7.3: Summary of phenocryst compositions used in least-squares modelling. Appropriate 
average compositions of feldspars. olivines. pyroxenes and magnetites were used br each stage. 
Average pargasitic hornblende was derived from DS4 trachytes: the apatite analysis was 
approximated using an analysis of a hydroxyapatite from Holly Springs. Georgia (Deere! al.. 1966). 
Phase Stages: N320 MgO A1203 	Si02 	K20 CaO 	TiO2 	MnO 	FeO 	11206 
Fsp: 
1,2 5.70 0.07 26.74 55.66 0.31 9.94 0.09 0.00 0.43 0.00 
3,4 8.90 0.02 22.34 62.41 0.88 4.00 0.05 0.01 0.30 0.00 
5 7.77 0.01 18.32 66.92 5.69 0.31 0.03 0.00 0.28 0.00 
01: 
1,2 0.01 46.19 0.07 39.42 0.01 0.17 0.05 0.18 12.33 0.00 
3 0.02 7.31 0.02 30.57 0.00 0.72 0.06 2.78 57.46 0.00 
45 0.03 0.43 0.02 29.30 0.00 0.85 0.08 3.78 65.17 0.00 
Px: 
1,2 0.44 13.39 2.44 50.70 0.00 21.30 1.14 0.36 10.05 0.00 
3 0.49 3.17 0.74 47.25 0.01 20.48 0.71 1.18 24.36 0.00 
4,5 0.60 0.93 0.59 47.22 0.02 20.16 0.82 1.39 27.89 0.00 
Mt: 
1,2,3 0.06 3.15 3.24 0.11 0.02 0.08 22.02 0.82 68.33 0.00 
4,5 0.02 0.03 0.53 0.12 0.01 0.11 24.48 1.46 70.78 0.00 
Ap: 1-5 0.00 0.10 0.00 0.00 0.00 55.84 0.00 0.07 0.00 42.05 
Hb: 4 2.49 12.44 11.26 40.60 1.06 11.58 4.90 0.13 12.09 0.00 
The results are consistent with evolution by 85% crystallisation of olivine, pyroxene, 
feldspar and apatite with compositions observed in phenocryst phases from parental 
pumices during each stage (Table 7.4). 	Pargasitic hornblende entered the 
fractionating assemblage at stage 4. 	Fractional crystallisation requires 85% 
crystallisation of the original liquid. 
Table 7.4: Results of least-squares modelling using the program MODES. Columns Fsp 
(feldspar); 01 (olivine); Px (pyroxene); Mt (magnetite); Hb (hornblende); and Ap (apatite) show the 
volume percent magma removed in these phases during each stage. SSR=sum of the squares of the 
residuals; F=fraction of original melt remaining. 
Step 	Fsp 	01 	Px 	Mt 	Hb 	Ap 	SSR 	F 
1 13.49 2.24 7.76 5.53 0 1.51 0.054 69.47 
2 10.22 1.44 1.96 4.08 0 0.9 0.128 56.55 
3 26.11 2.9 4.44 3.29 0 1.03 0.875 35.18 
4 25.9 4.47 3.73 1.3 1.52 0.13 0.816 22.17 
5 26.66 2.52 5.02 0.01 0 0 0.906 14.61 
7.7.1.3: Trace-element fractionation paths 
The calculated fractionation path was tested using Phase IV trace element data and 
published distribution coefficients (listed on Table 7.5). Theoretical trace-element 
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fractionation paths were calculated in the first instance using the simple Rayleigh 





where: 	CL = concentration of element a in the fractionated liquid 
C0 = concentration of a in the original liquid 
F = fraction of original liquid remaining 
Di = bulk distribution coefficient of element a in phase i. 
Such a model is appropriate for systems in which immediate separation of 
phenocrysts and melt occurred. For the purposes of this study C O  was assumed to be 
the concentration of element a in the most-primitive pumice BP 140-1 I; and F was 
the calculated fraction of liquid remaining calculated on the basis of major-element 
least-squares modelling. D, was calculated using published distribution coefficients 
and the equation: 
D = Zvi KD ,. 7.2 
where: 	W1= weight fraction of phase i in the fractionating assemblage 
kDI= published distribution coefficient for element a in Phase i. 
Where possible, coefficients applicable to alkaline systems were chosen. However 
data available for evolved alkaline magmas are limited, and the effects of magma 
composition, temperature, pressure, water content and oxygen fugacity are unknown 
(Lemarchand et al., 1987; Villemant et al., 1981). Bulk distribution coefficients for 
steps 1 to 5 were therefore also calculated using Phase IV data and the relation: 
Di= IILhh1 C01 
L 	InF 	J 	..........................7.3  
Values of D, calculated using actual Phase IV data are consistently closer to I than 
those calculated using published distribution coefficients (Fig. 7.16). Uncertainties 
due to inappropriate choice of published distribution coefficients, or fractionation of 
accessory phases not observed as phenocrysts (such as zircon, sphene and allanite) 
may account for some discrepancies between D,'s calculated using the different 
models; however, it is unlikely that they would yield such consistent differences. 
More likely, simple Rayleigh fractionation cannot account for trace element 
behaviour in Phase IV samples. RTF processes, which are known to be occurring in 
this system, would drive trace element partition coefficients towards 1; in addition, in 
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Fig. 7.16: Graphs comparing bulk distribution coefficients calculated using actual trace element 
variation with those obtained using published mineral-melt distribution coefficients. Calculated 
for steps I to 5 as indicated. Actual data generally indicate bulk distribution coefficients closer 
to I than predicted from published data. 
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situ crystallisation may considerably modify the liquid line of descent (McBirney et 
al., 1985, Langmuir, 1989; Nielsen, 1990; Wilson 1993). 
Table 7.5: Published mineral-melt distribution coefficients employed for modelling the 
evolution of Phase IV, indicating coefficients for phases removed from mugearite and 
benmoreite/trachyte magmas respectively. Sources of data are indicated at the top of columns; 
exceptions are in brackets after the value used: *= Lemarchand et al., 1987 (mugearites and 
benmoreites-trachytes); H = Henderson, 1982 (Basalts/andesites and Dacites/rhyolites); P&N = Pearce 
and Norry, 1979; P = Paster et al., 1974; B = Baker et al., 1977; D&W = Drake and Weill, 1975; 
F=Frey etal., 1978; LR = LeRoex unpubl. (mugearites and benmoreites); SC = Schock, 1977; S&H = 
Sun and Hanson, 1976; V = Villemant etal., 1981, est = estimated on basis of coefficients observed 
for other melt compositions. Unknown distribution coefficients (indicated by dashes) are 
approximated to zero. 
MUGEARITES 
* 	* 	* 	* 	* 	H 	H 	H 	H P&N P&N 
Element: Sc La Th Rb Zr Ba Ce Nd Sr 	Nb 	Y 
plag 	0.04 	0.07 	0.03 	0.03 	0.04 	0.23 	0.14 	0.08 	1.8 	0.02 	0.02 
ol 0.24 0.06 0.03 0.05 0.07 0.006 - - 0.01 0.01 0.01 
px 	4.05 	0.21 	0.15 	0.04 	044 	0.07 	0.34 	0.6 	0.14 	0.5 	1.5 
mt/jim 	5.36 	2.9 (V) 0.55 (V) 	0.47(V) 0.94 0.4 (V) 0.3 (est) 0.4 (est) 0.68(V) - 0.17 (LR) 
apatite (H) 	0.22 - 	- - 	0.1 (P&N) 	0.1 B 	31 	50 	3 	0.1 	20 
BENMOREITES/TRACHYTES 
* 	* 	* 	* 	* 	H 	H 	H 	H P&N P&N 
Element: Sc La Th Rb Zr Ba Ce Nd Sr 	Nb 	Y 
plag 0.06 0.23 0.05 0.07 0.16 0.5 0.24 0.19 6 0.04 0.03 (D&W) 
ol 0.92 0.4 0.12 0.08 0.07 0.006 - - 0.01 0.01 0.01 
px 27.6 0.66 0.14 0.04 1.02 0.07 0.9 0.21 0.IF 0.8 3 
mt/jim 22.7 2.9(V) 0.55(V) 0.47(V) 8v 0.4(V) 0.61 0.88 0.68(V) - 0.17(LR) 
sanidine 0.08 0.24 0.06 0.45 (S&H) 0.17 6.6 0.04 0.03 9.4 - - 
apatite (H) 0.22 (P) - - - 0.1 (P&N) 0.1(B) 31 50 5 0.1 40 
hb 6 0.6 0.11 1.9 1.2 6.4 - - 0.3 3 34 
Fractionation paths were therefore also calculated assuming that crystallisation of 
Phase IV magmas occurred in situ at the magma-chamber margins. In this case, the 
evolved liquid is produced locally at crystal margins; a fraction, f, of this evolved 
liquid is returned to the fractionating magma-chamber. In situ fractionation paths 
were calculated for j0.2, f=0.5, j0.8 and f=1 using the equation of Langmuir 
CL 
Jf[DH1I/ r 	L -it. 	/IDi{1- f}+f I I 
(1989): 	 c01 RI! I 7.4 
L lYlo  J 
where ML/MO is equivalent to the value of F used in simple Rayleigh fractionation 
models. This equation reduces to simple Rayleigh fractionation when jl. 
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Fig. 7.17: Fractionation models for the Salazie and St Louis Formation juvenile pumices and 
fiamme. Symbols show actual trend; thick black line shows perfect fractional crystallisation 
trend, calculated using published distribution coefficients (Lemarchand et al., 1987; Villemant et 
al., 1981). Other curves show in situ crystallisation trends calculated forf =0.2, 0.5 and 0.8 as 
shown (wheref represents the proportion of evolved liquid returned to the chamber). Perfect 
fractional crystallisation represents the special case wheref=1. Calculated using the equations 
ofLangmuir (1989). 
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Rayleigh fractionation paths and in situ crystallisation paths are compared with actual 
trace element trends for representative trace elements on Fig. 7.17. The calculated 
trend cannot be expected to mirror the actual trend precisely, due to uncertainties in 
the fractionating assemblage and in mineral-melt distribution coefficients in an 
evolved system. The path calculated for simple Rayleigh fractionation shows a good 
fit with actual data for most elements during the first fractionation step; thereafter, 
the best fit is shown by the in situ crystallisation path withf0.2. 
Even under ideal conditions, the above calculations do not generate unique solutions. 
Phase IV is not an ideal system; there are too many degrees of freedom. Several 
phases are on the liquidus; end-member compositions are not immediately 
identifiable; and there is no applicable, experimentally-derived phase diagram. The 
use of Pearce element ratios and log-log trace-element plots are based on the 
assumption that at least one element was incompatible (see Rollinson, 1993 for a 
review); this assumption is not valid in the case of Phase IV. However, it may 
nevertheless be concluded that the observed geochemical and petrographic 
characteristics of Phase IV magmas are consistent with evolution by either paired 
recharge-fractionation, or in situ crystallisation processes (or a combination of the 
two). Repeated injection of magma from the main chamber into still-molten or still-
hot hypabyssal intrusions is followed by mixing and eruption. The resulting deposits 
may be heterogeneous or homogeneous, depending on the degree of hybridisation 
which occurs in the hypabyssal intrusion. This process is a form of AFC in which 
the host and contaminant are coeval; it is also a form of paired recharge-fractionation 
(or RTF), in which the high-level chambers are replenished by fractionated magma 
from the main chamber. 
7.7.2: Petrogenesis of the homogeneous (St Pierre and St Gilles Formation) deposits 
There are significant differences in whole-rock chemistry between the homogeneous 
and heterogeneous deposits. In addition, the geochemistry of the St Pierre Formation 
differs from that of the St Gilles Formation. The ways in which these differences 
could have arisen are discussed in this section. 
Fig. 7.18 shows the most significant compositional differences between the 
homogeneous and heterogeneous deposits. Within-deposit variation in the St Gilles 
and St Pierre Formations are assumed to be caused by post-magmatic hydration (see 
Chapter 6). If the initial (step 1) Salazie and St Louis Formation fractionation trend 
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is allowed to continue (arrows), compositions similar those of St Gilles and St Pierre 
Formation pumices are generated. St Gilles and St Pierre Formation pumices may 
therefore be derived from the same parental magma as the heterogeneous deposits, by 
fractionation of a different assemblage. In the absence of analyses with compositions 
intermediate between the two series, it is difficult to model possible mechanisms by 
which this could arise. One possibility may be that the St Pierre and St Gilles 
Formation magmas were erupted directly from the intermediate-level magma-
chamber, without differentiating in a high-level intrusion. 
The St Pierre and St Gilles Formation pumices have been altered and hydrated (see 
Chapter 6). High field strength elements (Zr, Nb, Ti and Y) are not mobile in 
hydrous fluids, and are therefore useful petrogenetic tools for studying altered 
igneous materials (Pearce and Norry, 1979). Zr and Nb contents of Phase IV 
deposits are plotted in Fig. 7.19. St Gilles and St Pierre Formation pumices have 
uniformly higher Zr/Nb ratio than other Phase IV deposits. In addition, pumice from 
the St Gilles Formation have a significantly higher Zr/Nb ratio than those from the St 
Pierre Formation. 
Neither the difference in Zr/Nb ratio between the homogeneous and heterogeneous 
deposits, nor that between the two homogeneous deposits, could have been generated 
by post-magmatic processes. These data confirm that the St Gilles and St Pierre 
Formations are not part of the same unit. They must have been generated 
independently of both each other and the heterogeneous pyroclastic formations, in 
spatially or temporally disconnected magma-chambers. 
7.7.3: Generation of other Phase IV magmas 
Fewer samples of other Phase IV magmas were available; the observed trends are 
therefore even more difficult to interpret than those of the Salazie, St Louis, St Gilles 
and St Pierre Formations. Dalle Soudée Formation DS 2-DS3 pumices/fiamme and 
late-stage lavas correspond reasonably closely to the trend described by the Salazie 
and St Louis Formations, and may have fractionated from a similar parental magma. 
Of the intrusive samples, hypabyssal syenite intrusion BP47 (the La Chapelle 
syenite) and BP121 (annular intrusion from Col de Taibit) have major- and trace-
element concentrations which lie closer to the St Pierre-St Gilles trend. They may 
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Fig 7.18: Major- and trace-element - Si0 2 variation diagrams, showing main differences in 
composition between the homogeneous and heterogeneous deposits. Arrow indicates predicted 







07" 	40 	80 
650 	
Nb(ppm) 





570 	 0 
550! 
	
60 	64 	68 	72 	76 	80 
Nb(ppm) 
KEY 
o 	St Pierre Formation 
A St Gilles Formation 
• 	Salazie Formation 
A St Louis Formation 
+ 	Dalle Soudee Formation and late-stage lavas 
Fig 7.19: Zr and Nb variation in Phase IV juvenile pumices, fiamme and lavas. A: 
summary showing all analyses. R 1 =regression line for St Gilles and St Pierre Formation 
pumices; R2=regression line for Salazie, St Louis and Dalle Soudee Formation pumices 
and fiamme and for late stage lavas. Correlation coefficients as shown. B. Close up of 
shaded region from (A). St Gilles Formation pumices have higher zirconium for the same 
niobium content than St Pierre Formation pumices. Most of the within-formation variation 
was caused by dilution effects (see Chapter 6), but the differences between the formations 





7.8: Physical conditions for Phase IV petrogenesis 
7.8.1: FeTi Oxide geothermometry 
A model for the use of coexisting oxides in geothermometry was first described by 
Buddington and Lindsley (1964). Analyses of coexisting ilmenites and 
titanomagnetites from Phase IV juvenile pumices, fiamme and lavas were used to 
calculate temperatures and oxygen fugacities using the revised empirical model of 
Andersen and Lindsley (1988), in the form of the BASIC program AP89TF02.BAS. 
This model takes into account the manganese and magnesium contents of the oxide 
phases. 
Caution must be exercised in interpreting the values obtained (Table 7.6); many 
Phase IV magmas display evidence for magma-mixing, and co-existing oxides may 
not be in equilibrium. This fact is illustrated by the existence of two populations of 
both magnetite and ilmenite in late-stage lava RE263, from which two temperatures 
may be derived (Nativel, 1977). Coarse exsolution textures were observed in most 
Phase IV titanomagnetites; even where oxides appear homogeneous, exsolution 
lamellae may exist out of the plane of the section. Low temperatures obtained by this 
method may therefore be exsolution temperatures. This problem was especially 
acute in the case of slowly-cooled, cumulate xenoliths, from which no reasonable 
magmatic temperatures were obtained. 
Usable temperatures were obtained from St Louis formation GBQ (glassy, black 
benmoreite/quartz trachyte) pumices, and for unit Sal 4 of the upper flow-unit. Data 
are plotted on two graphs of log (10)f02 versus temperature on Fig. 7.20. On the 
Andersen and Lindsley (1988) plot, values are normalised by subtracting the FMQ 
buffer of Haas (unpubl.). Phase IV samples plot just below the FMQ buffer. This 
result is to be expected from petrographic data; olivines and pyroxenes both follow 
trends observed in other series evolving close to FMQ; quartz, fayalite and magnetite 
coexist in hypabyssal Phase IV xenoliths. Values are plotted on the T-f(0 2) diagram 
of Buddington and Lindsley (1964) for comparison. Again, Phase IV were 
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Fig.7.20: Plots of T and f 02 calculated using the method of Andersen and Lindsley (1988) 
A: T-fth diagram of Andersen and Lindsley (1988). QUILF shows the stability of the 
assemblage quartz + ulvospinel, + ilmenite + fayalite (Frost et al.,' 1988). Delta logf 02 
(FMQ) represents the difference between the actual result and the Haas FMQ buffer. B: 
T-f 02 diagram of Buddington and Lindsley (1964). N.N.0.=nickel + nickel oxide buffer; 
F.M.Q.= fayalite+magnetite+quartz buffer; W.M.=wustite+magnetite buffer. 
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Table 7.6: FeTi Oxide geothermometry for Phase IV samples. 	Calculated using average 
nhenocrvst analyses according to the model of Andersen and Lindsley (1988). 
Sample T(IC) AlOg(lO) fO, log( , Ø) f02 
(FMQ) 
St Louis Formation 
a: 	1 bar 
BPI40-4 (BDM) 875.7 -0.73 -13.84 
BP140-3 (BDM) 839.2 -0.86 -14.69 
BP96 (GBQ) 702.2 -0.34 -17.34 
b. 5 kilobars 
BPI40-4 (BDM) 875.7 -1.05 -13.76 
BP140-3 (BDM) 839.2 -1.19 -14.60 
BP96 (GBQ) 702.2 -0.72 -17.24 
Salazie Formation 
ibar 
BP79 	 949.50 	-0.07 	 -11.73 
5 kilobars 
BP79 	 949.50 	-0.23 	 -11.65 
Late-stage lavas (data of Nativel, 1977) 
RE263 (a) 1096 -7.6 
RE263 (b) 822 -13.9 
RE100 903 -12.7 
7.8.2 Olivine-melt geotherrnometry 
Although olivines from magmas with <8% CaO cannot be tested for mineral-melt 
equilibrium using the method of Jurewicz and Watson (1988), coexisting olivine-
glass distribution coefficients were calculated for Mn, Mg and Ni, and used to 
calculate temperatures according to the method of Leeman and Scheidegger (1977). 
Errors obtained were large, and absolute values were higher than those obtained for 
equivalent samples using coexisting oxide geothermometry (Table 7.7). Mineral-
melt disequilibrium, through replenishment and magma-mixing, is likely to present 
the biggest source of error. Of the three analysed elements, Mn diffuses at the 
slowest rate; where Ni data are available, elimination of T (Mn) from the calculation 
reduces the error to < 60°C. The obtained temperatures are still higher than those 
produced by 2-oxide geothermometry on equivalent samples. 
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BDM BP140.4* 
MgO 	2.52 45.46 18.04 
MnO 0.26 0.26 1.02 
NiO 	0.00 0.20 73.22 
GBQ BP1402 (glass) 
MgO 	0.56 7.31 13.05 
MnO 0.38 2.78 7.31 
GGQ BP140.1* 
MGO 	0.03 0.43 15.90 
MNO 0.17 3.78 22.51 







Table 7.7: Phase IV crystallisation temperatures calculated on basis of olivine-melt distribution 
coefficients for Mn, Mg and Ni (method of Leeman and Scheidegger, 1977). 
Matrix=concentration in melt; 01 = concentration in olivine; Di = mineral-melt distribution 
coefficient; T (X) = temperature calculated on basis of olivine-melt distribution coefficient for 
element X; T = average temperature in °C; error = 1 standard deviation (75% confidence limit 
assuming Normal distribution about the mean); * = matrix concentration calculated using modal 
analysis. 
Matrix 01 	Di 	T (Mn) T(Mg) T (Ni) T 	error 
St Pierre Formation BP172b (glass) 
MGO 	0.76 	15.70 	20.63 	960.55 	945.60 
	
953.07 	10.57 
MNO 0.23 1.56 6.80 
Dalle Soudée Formation DS 2 (BP16) 
MgO 	1.07 	45.15 	42.19 	1377.07 837.03 	882.55 1107.05 381.87 
MnO 0.38 0.21 0.56 
NiO 	0.00 	0.27 	182.83 
Dalle Soudée Formation DS (BP7) 
MOO 	2.60 	22.24 	8.55 	1035.93 1112.25 	 1074.09 53.97 
MNO 0.31 1.19 3.85  
7.8.3: Volatile contents 
Original magmatic volatile contents cannot be measured accurately as the majority 
are lost to the atmosphere during eruption. The most volumetrically important of 
these will be water and carbon dioxide; however, volatile species containing sulphur 
and halogens will also have a major effect on magmatic properties. Percentage 
dissolved H20 in the melt may be estimated. Syenite melts become saturated in 
water at c. 3% H 20 (Parsons, 1981), causing exsolution and eruption; kaersutite 
becomes stable in the melt at c. 1.5% H20 (Maury et al., 1993). Amphibole is 
present in some but not all Phase IV magmas; a water content of c. 1.5% is therefore 
estimated to be appropriate. 
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7.9: Physical properties of Phase IV magmas. 
The fluid dynamic behaviour of coexisting magmas is dependent upon their physical 
properties; the most important of these are their densities and viscosities, which are 
in turn strongly dependent on the temperature, volatile content, crystal content and 
bubble content of the magma. The majority of these parameters are impossible to 
quantify. Densities and viscosities of representative samples were nevertheless 
estimated at 1000°C, for 1.5 and 3% H20 (Table 7.8). 
Table 7.8 
calculated a 
Calculated densities and viscosities of Phase IV magmas at 1000°C. 
)rding to the method of Bottinga etal. 1982; viscosities from Shaw (1972). 
3%H20 	 1.5% H20  
Density Viscosity 	Density 	Viscosity 
(g/cm 3) 	(poise) (g/cm3 ) (poise) 
Densities 
Salazie Formation 
BP20I 2.50 7.2 x 106 2.52 9.8 x 10 
BP202 2.46 9.0 x 106 2.46 1.3 x 108 
BP80 2.68 1.2 x 105 2.46 1.1 x 108 
St Louis Formation 
BP190 2.45 7.9 x 106 2.69 7.2 x 107 
BP140-4 2.69 1.1 x 105 2.70 6.2 x 106 
BP140-2 2.55 1.8 x 106 2.55 1.7 x 10 
St Pierre Formation 
BP172 2.55 3.1 x 106 2.56 3.1 x 107 
Late-stage lavas 
RE263 2.75 7.8 x 104 2.76 3.0 x 10 
RE100 2.55 2.5 x 106 2.56 2.4 x 107 
Dalle Soudée Formation 
BP16 2.57 6.7 x 105 2.58 5.1 x 106 
BP7(2)  2.67 1.1 x 105 2.68 6.8 x 10 
Assuming that the magmas erupted were in thermal equilibrium, and had identical 
dissolved volatile contents, then the largest observed viscosity contrast within any 
one system is c. 1.5 orders of magnitude. This is insufficient to inhibit mixing 
(Huppert et al., 1984); the complete hybridisation of such magmas could occur given 
sufficient time. 
7.9.1 Thermal convection 
A convecting fluid may be described in terms of several dimensionless numbers, 
including the Rayleigh number Ra, and the Prandtl number, Pr. These are given by 
equations 7.5 and 7.6, and were calculated for representative Phase IV magmas using 
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estimated values of magmatic parameters from Marsh and Maxey, 1985. The 
Rayleigh number indicates the likelihood and the nature of the thermal convection, 
and the Prandtl number gives the rate at which the temperature contrast is reduced by 
heat diffusion to the surrounding rocks. 
Ra=L 	 7.5 
VK 
Pr= - 	 7.6 
K 
where: 	a = coefficient of thermal expansion (5x10 5K 1 ) 
g = gravity (980cms 1 ) 
AT = temperature contrast 
L = thickness of convecting layer 
v = kinematic viscosity'; and 
ic = thermal diffusivity of the magma (1O -2cm2s') 
The Ra and Pr together define the nature of the convection, which may be laminar 
(ordered, steady and cellular) or turbulent (unstable and time-dependent). When 
temperature gradients are vertical, Rayleigh numbers of about 103  or above indicate 
that convection will take place (Cox et al., 1979; Marsh and Maxey, 1985), but any 
horizontal temperature gradient will cause movement of magma. Turbulent 
convection occurs when Ra>10 6 , although at high Prandtl numbers this value may 
rise to about lO (Jarvis, 1984). The equations of Heiber and Gebhart (1971) show 
that magmas with Pr>104 will show laminar convection; according to Marsh and 
Maxey (1985), flow is always laminar when Pr>105 . However, many authors believe • 
that all magma chambers undergo turbulent convection. 
Under the assumed conditions, the most evolved, crystal-free Phase IV magma had a 
maximum viscosity of 109  poise. In a chamber lOOm thick, such a magma will have 
a Rayleigh number of 1.2 x 10 and a Prandtl number of 10". The magma will 
therefore probably undergo laminar convection. The most primitive, crystal-free 
Phase IV magma has a minimum viscosity of 104 poise; the same conditions give 
'Kinematic viscosity is given by V = 	where i=viscosity and p=density of the magma 
P 
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Ra=1.2 x 10, and Pr=106 . 	Again, the magma will probably undergo laminar 
convection. 
7.9.2: Cooling times 
According to Marsh and Maxey (1985), a magma-chamber cooling by conduction 




whereas a chamber cooling by convection will cool approximately 23 times faster: 
4.4x1 OL2 
t= 	 7.8 
K 
However, according to Worster et al. (1990), this difference reduces to 
approximately 30% faster when all crystallisation is assumed to take place at the 
magma-chamber margins. 
Time scales for solidification of Phase IV magma-chambers were calculated using 
the above equations. A chamber lOOm thick will have solidified in c. 1.5 years if 
cooling by convection, or c. 300 years if cooling by conduction alone. The actual 
time taken is likely to be somewhere between these extremes, as convection will 
cease when the crystallinity exceeds a critical value. Large feldspar phenocrysts, 
inferred to have crystallised in the high-level intrusions are ubiquitous in the evolved 
magmas of the Salazie, St Louis and Dalle Soudée Formations. Experimentally-
observed feldspar growth rates are between 10 and 10 3cms (Smith and Brown, 
1988). A 100-300 year cooling time is sufficient to grow phenocrysts of feldspar up 
to 1cm in diameter at all but the slowest of these growth rates. 
7.10: Significance of Phase IV xenoliths and intrusives: mineral chemistry 
Phase IV hypabyssal xenoliths and intrusive samples represent the already-solid 
counterparts of other Phase IV eruptives. Many were porphyritic; the phenocrysts 
they contain formed in a slower-cooling, deeper chamber than the one in which they 
ultimately solidified. Crystals of all the compositions observed as phenocrysts in -
juvenile pumices, fiamme and lavas are found as phenocrysts in hypabyssal 
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xenoliths. At least three levels of intrusion are therefore required by the model (Fig. 
7.21): 
Fast-cooling, hypabyssal dikes and sills, erupted as micros yenite xenoliths 
in Phase IV magmas and represented by exposed micros yenite intrusions. 
The high-level, differentiating intrusions contained differentiated magma, 
and were thermally decoupled from the underlying mugearite; coarse-grained, 
porphyritic gabbros may be samples from the crystallising boundary layers of 
these intrusions, quenched during re-injection from depth. 
The main, differentiating chamber contained mugearite magma; cumulate 
xenoliths were erupted from the upper margins. 
Primitive (mugearite-benmoreite) magmas found as pumices in the studied deposits 
are not thought to have resided in high-level intrusions for a long time before 
erupting; they were not in thermal equilibrium with the trachytic magmas. 
Fig. 7.22 summarises the Ti and Al [,, contents of Phase IV pyroxenes. The line 
represented by A1 [Z]=2Ti represents the CaTi-Tschermak 's substitution 
M2++2Si4+=Ti4 F+2A13+. All pyroxenes with >0.1 formula units Al [,, were salites, 
crystallising from more primitive, mugearite-benmoreite melts. The majority of 
pyroxenes from all categories of sample fall on a line plotting towards the right of the 
line, indicating enrichment in the Ca-Tschermak's component CaAl 2SiO6, which is 
linked to increasing pressure (Robinson, 1980). Hypabyssal gabbroic xenoliths 
extend to contain both high- and low-CaTschermak's (i.e.-pressure) pyroxenes. The 
high-CaTschermak's pyroxenes were phenocrysts, which formed in the main 
chamber. 
According to the preferred model, primitive (saute) pyroxenes in cumulate xenoliths, 
and saute phenocrysts in lavas, pumices, fiamme and hypabyssal xenoliths 
crystallised in the main, deep magma chamber. They were introduced into existing, 
evolved, high-level chambers shortly before eruption, and retain their high-pressure 
character. More-evolved magmas whose phenocrysts formed in the high-level 
chambers contain pyroxenes which plot to the left hand side of the graph, and which 
may be expected to crystallised at lower pressure, with low CaTschermak's 
component. There is some indication that this is the case; however, the relationship 
is unclear as Ti is approaching its detection limit in these samples. Pyroxenes from 
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Fig. 7.21: Schematic cross-section through Piton des Neiges showing the points of origin of 
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O Juvenile pumices, fiamme and lavas 
A Hypabyssal syenite xenoliths and intrusives 
• Cumulate diorite BPI 72b 
o Hypabyssal gabbros and syenogabbro xenoliths 
Fig. 7.22: Graph of AI11 versus Ti in Phase IV pyroxenes. Gabbroic xenoliths from hypabyssal 
intrusions plot closest to the line Al Ezi  =2Ti; juvenile pumices, fiamme and lava-flows contain 
pyroxenes with a similar range in Al[ z] and Ti contents to cumulate xenoliths. All pyroxenes 
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Fig. 7.23: Calcium variation in Phase IV olivines. Fields of volcanic and plutonic olivines from 
Simkin and Smith (1970). 
Fig. 7.23 summarises Ca variation in Phase IV olivines. Generally, juvenile pumices, 
fiamme and lavas, and hypabyssal xenoliths/intrusives, show a trend of increasing Ca 
with decreasing forsterite content. However, cumulate xenoliths form a divergent 
trend, whereby Ca content in olivines does not appear to vary with forstente content. 
The causes of Ca variation in olivines with similar forsterite content are many, 
including temperature, melt composition and oxygen fugacity; pressure does not 
appear to be correlated with Ca in olivine below 20kb (Jurewicz and Watson, 1988). 
It is inferred that olivines from cumulate xenoliths crystallised under different 
conditions to those in the main body of the chamber (erupted as phenocrysts) or those 
in hypabyssal intrusions, possibly through in situ crystallisation at the magma-
chamber roof. 
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I. Intrusion of differentiated 
magma from the intermediate 
chamber into cone-sheet, possibly 
in response to replenishment from depth 
differentiating magma in sheet 
intrusion. Intermediate-level magma 
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3. Overturn and mixing in the 
intermediate-level chamber causes 
volatile exsolution and 
replenishment of the high-level chamber. 
Replenishment of high-level chamber 
Re-intrusion along 
same plane of weakness 
Overturn and mixing in response to 
volatile exsolution, density changes or 
Fig. 7.24: General model for the generation of Phase IV magmas. High-level intrusions 
are emplaced in the upper part of the volcanic edifice. These are occasionally replenished 
with mugearitic material from the intermediate-level magma-chamber, leading to volatile 
exsolution and eruption. 
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7.11: General model for the evolution of Phase IV. 
A general model for the evolution of Phase IV magmas is presented in Fig. 7.24. The 
main magma-chamber contains primitive differentiates (mugearites to low-silica 
benmoreites), maintained by replenishment from depth. Occasional intrusion of 
differentiated magma from the main chamber is followed by isolation of 
differentiating magma in a high-level intrusion. Overturn and mixing in the main 
chamber may be one mechanism by which replenishment is initiated. Repeated 
intrusion of the high-level magma-chamber is accompanied by differentiation and 
stratification within it. Magma-mixing may occur in the main chamber, high-level 
chamber or conduit during or immediately before eruption. 
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7.12: Summary 
The pyroclastic formations of Phase IV differentiated in high-level, replenished, 
zoned intrusions. These intrusions were in turn fed by a main, mugearitic, 
differentiating, replenished, intermediate-level chamber shortly before each eruption. 
The Salazie Formation is both mixed and zoned. Sa1 3 is trachytic, erupted from a 
mixing, differentiated chamber. A benmoreite magma joined the eruption before 
emplacement of the distal facies of Sal 3 . Sal4 mugearite was not in thermal 
equilibrium with the benmoreite-trachyte magmas. Similarly, the St Louis and Dalle 
Soudée Formations were erupted from high-level fractionated chambers which were 
replenished by a mixture of benmoreite and mugearite from the main chamber shortly 
before eruption. 
The St Pierre Formation is compositionally different from the St Gilles Formation; 
units from these two deposits were not products of the same magmas. Trace element 
variation in Phase IV deposits is best described either by in situ fractionation or by 
paired recharge-fractionation. It is possible that both processes were operating. The 
St Louis Formation is significantly younger than either the St Gilles or St Pierre 
Formations. 
Cumulates from the roof of the main chamber were disrupted, becoming xenoliths 
during violent evacuation of the main chamber into high-level, differentiated, 
trachyte/benmoreite intrusions. Crystalline material on the margins of the high-level 
chambers was erupted as hypabyssal gabbro and syenogabbro xenoliths. High-level 
chambers were spatially and/or temporally isolated from each other, and thermally 







Conflicting models have been proposed to explain the transition from effusive to 
explosive volcanism between Phase Ill and Phase IV. A detailed study of the 
geochemical and petrographic characteristics of Phase IV products was undertaken to 
discriminate between these models. 
Early Phase IV was characterised by widespread explosive activity, starting with the 
eruption of the St Suzanne Formation >220,000 years ago. The pyroclastic members 
of this formation are dominated by Type 2 pyroclastic flows. 
The Salazie Formation is significantly younger, with a radiometric age of 188,000 ± 
25,000 years. The eruption produced a welded high aspect-ratio ignimbrite 
consisting of two main flow units. The Salazie Formation is zoned, with an evolved 
(quartz trachyte) lower flow-unit (Sa13) and a more primitive (mugearite) upper flow-
unit (Sal4). Sa13, which overlies co-ignimbrite lag-breccias Sall and Sa12, is a 
trachytic, mixed-magma deposit, erupted from a mixing, differentiated chamber. A 
benmoreite magma joined the eruption before emplacement of the distal facies of 
Sa13. The Sa14 mugearite was not in thermal equilibrium with the benmoreite-
trachyte magmas. The evacuation of 4-5km 3 of material during this eruption resulted 
in the formation of Caldera II. 
The unwelded formations on the southern and western flank' are dominated by 
discrete Type 1 and Type 2 "ignimbrite packages", with associated ground deposits. 
These packages are interpreted as Plinian column-collapse units. The ground deposit 
of ignimbrite G1 contains a prominent fall-out unit, which supports this hypothesis. 
The eruptions producing these formations originated from a central vent close to the 
head of the Bras Rouge river. The Type 2 pyroclastic flow units of the St Gilles and 
St Pierre Formations have previously been correlated; however, geochemical 
evidence renders this correlation invalid. 
1 The St Gilles, St Pierre and St Louis Formations 
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The St Louis Formation, deposited from a Type 3 pyroclastic flow, is the youngest 
southern flank deposit. The St Louis Formation is mixed; evolved (GGQ) pumices 
are contained as blobs and streaks within more-primitive GBQ and BDM pumices. 
The evolved material is the more porphyritic, and was not in thermal equilibrium 
with the BDM-GBQ magmas. 
The Dalle Soudée Formation consists of a series of deposits of dissimilar age. The 
basal units (DS 1 to DS3) have radiometric ages of 110,000-200,000 years and 
represent a sequence of explosive and effusive eruptions culminating in production of 
the "welded slab". The latter was produced by collapse of a low gas-content Plinian 
eruption column. DS 4 consists of a series of younger trachytic block-and-ash flow 
deposits related to those exposed on the eastern flank. They are pre-dated by late-
stage lava-flows on the eastern flank and in the summit region, filling the ancient 
"Les Marsouins" paleocirque to produce the Béllouve and Bébour plateaux. The 
Dalle Soudée Formation contains mixed units D52, DS21, and D53, spanning the 
compositional range mugearite-benmoreite. Late-stage summital lava-flows follow 
the same trend as DS2, DS2L and DS3. 
Overall mineral-chemical trends are consistent with fractional crystallisation at 
oxygen fugacities close to FMQ. Phase IV olivines form a continuous series Fo 90-
Fo3. Their Fe2 , Ca and Mn contents increased during differentiation. Calcic 
clinopyroxenes display very strong Fe-enrichment before they incorporate an 
appreciable acmite component. Such trends are observed in other alkaline series that 
evolved at low pressure and f0 2. Low-temperature series feldspars (St Louis 
Formation and lower flow unit Sa1 3 of the Salazie Formation) lie close to the 700-
800°C isotherm of Nekvasil (1991); high-temperature series feldspars (Salazie 
Formation upper flow-unit Sal 4, Dalle Soudée Formation and late-stage lavas) lie 
between the 800-900°C isotherms. Both titanomagnetite and ilmenite are present in 
Phase IV eruptives. Titanomagnetites display evidence for subsolidus oxidation-
exsolution. Coexisting oxide geothermometry gave temperatures of the range 700-
750°C, consistent with the feldspar data; and oxygen fugacities close to FMQ. 
Olivine geothermometry gave temperatures 900-1050°C. 
Phase IV deposits form a transitional, alkaline series, with hawaiite to trachyte 
juvenile pumices, fiamme and lavas. The Salazie, St Louis and Dalle Soudée 
Formations and late-stage summital lava-flows are internally heterogeneous. 
Analyses from the Salazie and St Louis Formations follow a single liquid line of 
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descent; Dalle Soudée Formation material forms a parallel trend. The St Pierre and 
St Gilles Formations are internally homogeneous; within-deposit variation can be 
accounted for in terms of secondary processes such as post-magmatic hydration of 
glass, and leaching of alkali elements. 
The major-element trends observed in the Phase IV deposits were produced by 
fractionation of varying proportions of olivine, pyroxene, feldspar, FeTi oxides, 
apatite and amphibole. Trace-element variation in Phase IV deposits is best 
described either by in situ fractionation or by paired recharge-fractionation, and may 
have arisen by a combination of both processes. 
An overall model for the evolution of Phase IV is similar to that envisaged by Nativel 
(1977), in which the magmas were generated in chambers at two or more depths. 
The magmas erupted to form the pyroclastic formations of Phase IV differentiated in 
a number of discrete, independently evolving, high-level, intrusions, as suggested by 
Deniel (1990). These intrusions were in turn fed by a main, mugearitic, 
differentiating, replenished, intermediate-level chamber shortly before each eruption; 
this chamber is equivalent to that proposed by Kieffer (1990). The Salazie 
Formation, St Louis and Dalle Soudée Formations were erupted from high-level, 
fractionated chambers which were replenished by a mixture of benmoreite and 
mugearite from the main chamber shortly before eruption. 
Coarse-grained, cumulate xenoliths provide additional information about the 
processes operating at magma-chamber margins during fractional crystallisation. 
Phase IV xenoliths are divided through their modal mineralogy into four principal 
groups: mafic and felsic cumulates; hypabyssal gabbros; and hypabyssal 
microsyenites. Ultramafic cumulates, represented by dunite xenoliths from the Dalle 
Soudée Formation, are judged to be products of Phase I or II magmatism. 
Cumulates from the roof of the main chamber were disrupted, and ellutriated as 
xenoliths during violent evacuation of the main chamber into high-level, 
differentiated, trachyte/benmoreite intrusions. Quenched material on the margins of 
the high-level chambers was erupted as hypabyssal gabbro and syenogabbro 
xenoliths. Hypabyssal microsyenite xenoliths were derived by disruption of shallow-
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APPENDIX A: PHASE IV SAMPLES 
Grid references from 1:50,000 maps; date given is collection date (where known). Other collectors: 
BGJU = B. G. J Upton: K&G = G. Kieffer and P-Y Gillot; PB = P. Bachelery. 
St Suzanne Formation 
UNIT SITE GRID REF SAMPLE DESCRIPTION DATE 
S2 30 	1653/0758 BP49 Juvenile clasts c. 100cm above visible base 1990 
BP50 Coarse grained xenoliths c. 100cm above visible base 1990 
SL BP5 I Altered mugearite lava 1990 
BP52 Altered mugeante with lithic 1990 
BP53 Less altered mugearite 1990 
S2 115 	1645/0755 BP203 Cognate coarse grained xenolith 1992 
S2 BP204 Small, light grey, devitri fled, aphyric pumice 1992 
70 	7 BPI35 Gabbroic xenolith 1990 
Salazie Formation 
UNIT SITE GRID REF SAMPLE DESCRIPTION 
Sa13 32 	1631/0625 BP54 (x2) Distal facies; welded ignimbrite with black flamme 1990 
(distal) BP55 Distal facies; welded ignimbrite with black fiamme 1990 
BP56 (0) Distal facies; welded ignimbrite with black flamme 1990 
BP57 Distal facies; welded igmmbrite with black flamme 1990 
BP58 (0) Distal facies; welded ignimbrite; brown and purple fiamme 1990 
Sa13 34 	1566/1603 BP59 Large coarse-grained xenolith 1990 
(proximal) BP60 Large coarse-grained xenolith 1990 
BP6I Large coarse-grained xenolith 1990 
BP62 Large coarse-grained xenolith 1990 
BP63 Large coarse-grained xenolith 1990 
BP64 Altered, devitrifled matrix 1990 
BP65 Mafic, coarse-grained xenolith 1990 
35 	1566/0603 BP66 Welded ignimbrite; proximal facies with grey-green fiamme 1990 
Sal4 37 1598/0576 BP67 Altered, devitrified ignimbnte 1990 
BP68 Very densely-welded, black ignimbrite. 40m from top 1990 
BP69 Very densely-welded, black ignimbrite. 40th from top 1990 
BP70 Very densely-welded, black igrnmbrite. 20m from top 1990 
l3P7 I Very densely-welded, black ignimbnte. 20m from top 1990 
BP72 Very densely-welded, black ignimbrite. 15m from top 1990 
BP73 Very densely-welded, black ignimbrite. 15m from top 1990 
BP74 Very densely-welded, black ignimbrite. 15m from top 1990 
Sal3 39 	1633/0627 BP76 Welded ignimbrite with eutaxitic texture and black fiamme. 1990 
(distal) 40 1634/0628 BP77 Welded ignimbrite with eutaxitic texture and black fiamme. 1990 
41 	1636/0630 BP78 Very densely-welded, flinty, black ignimbrite. 1990 
Sal4 42 1647/0639 8P79 Very densely-welded, flinty, black ignimbrite. 1990 
BP80 Very densely-welded, flinty, black ignimbrite. 1990 
43 	1649/0641 BP8I Syenite xenolith 1990 
BP82 Very densely-welded, flinty, black ignimbrite. 1990 
BP83 Very densely-welded, flinty, black ignimbrite. 1990 
Sal3 118 	1565/0608 BP196 Large, fresh, feldspar-phyric, glassy fiamme (fallen block) 1992 
(proximal) BPI97 Large, green-grey quartz-trachyte fiamme (fallen block) 1992 
119 	1564/0609 BPI98 Large, coarse-grained, dense, mafic xenolith (fallen block) 1992 
BP199 Grey-green devitnfied fiamme with glassy rim (fallen block) 1992 
BP200 Medium-grained feldspar-pyroxene xenolith (fallen block) 1992 
BP201 Glassy, black, feldsparphyric fiamme (fallen block) 1992 
BP202 Purplish-green, devitrified fiamme (fallen block) 1992 
Sal3 40 	1634/0628 RE364 Selection of devitrifled welded ignimbnte samples BGJU 
(distal) 
St Gilles Formation 
UNIT SITE 	GRID REF SAMPLE DESCRIPTION DATE 
Gf 14 1303/0597 BP33 Dark orange-brown pumice 1990 
BP34 Orange-grey pumices c. 2cm diameter 1990 
8P35 Large, dark, orange-brown pumice 1990 
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St Glues Formation (cont) 
UNIT SITE 	GRID REF SAMPLE DESCRIPTION DATE 
68 1303/0597 BP130 Coarse-grained syenite xenolith 1990 
BPI3I Pumice 40cm from base 1990 
BP132 Pumice 100cm from base 1990 
BP133 Pumice at base of G2 (in lithic segregation layer) 1990 
BPI34 Coarse-grained gabbroic xenolith PB 
? 14 	1303/0597 BP139-I Samples BP 139-1 to 8P139-13: pumices sampled at c. K&G 
BP139-2 20cm intervals from base to top of exposure by G. Kieffer K&G 











Gf 117 	1303/0596 BP19I Gfpumices 1992 
Gi BPI92 Streaky grey/brown aphyric vesicular pumices, 0-20cm 
1992 
BP193 Streaky grey/brown, aphync pumices, 50-80cm 1992 
BP194 Dark grey/black, aphyric pumices, 50-80cm 1992 
BP195 Dark grey/black pumices 1992 
St Pierre Formation 
UNIT SITE 	GRID REF SAMPLE DESCRIPTION Field 
season 
P2 46 	1526/0331 BP87 Syenite xenolith 1990 
BP88 Gabbro xenolith 1990 
P1 BP89 Altered gabbro xenolith 1990 
BP90 Altered syenite xenolith 1990 
P1 53 	1517/0284 BP99 Dark grey, vesicular pumice 10cm below base of P Ia 1990 
BPIOO Coarse-grained xenolith, 500cm above base of P2 1990 
BPIOI Pumice c. 300cm above base of P2 1990 
BP102 "Quenched bomb" c200cm above base of P2 1990 
BPI03 Coarse-grained xenoliths, unit P2 1990 
P1 55 	1379/0373 BP108 Syenite xenolith 1990 
BP109 Light coloured pumice, 50cm from base of exposure 1990 
BPI 10 Coarse grained xenoliths, unit P1 1990 
BPI 11 Dark pumice, 200cm from base of exposure 1990 
BPI 12 Dark pumice, 100cm from base of exposure 1990 
P1 56 	1517/0284 BPI 13 Syenite xenoliths 1990 
BPI 14 Gabbroic xenoliths 1990 
P1 67 	1526/0331 BP123 Pumices 50cm above ground deposit 1990 
BP124 Pumices 100cm above ground deposit 1990 
BP125 Pumices 250cm above ground deposit 1990 
BP126 Pumices 400cm above ground deposit 1990 
BP127 Coarse grained xenoliths 1990 
BP128 Coarse grained xenoliths 1990 
BPI 29 Pumices from ground layer of P2 1990 
PI/P2 53 	1517/0284 BPI4I-1 Samples BPI4I-1 to BPI4I-8: 
K&G 
BPI4I-2 juvenile pumice collected by G. Kieffer K&G 






P2 101 	1520/0290 BPI 59 Dark grey vesicular pumice, 150-200cm below top of exposure 1992 
BPI60 80-120cm 1992 
BPI6I 20-50cm 1992 
a BP162 Selection of Pla pumice fragments 1992 
P1 BPI 63 Light-grey, altered pumice 0-45cm below base of P I  1992 
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St Pierre Formation (cont) 
UNIT SITE 	GRID REF SAMPLE DESCRIPTION DATE 
P1 104 1525/0275 BP164 Dark grey vesicular pumice 1992 
BP165 Dark grey vesicular pumice 1992 
P1 Ill 	1377/0377 BPI66 Pumice weathering orange 1992 
BP167 Pumice 0-30cm above visible base of deposit 1992 
BP168 40-80cm 1992 
P2 112 	1385/0368 BP169 Pumices 50cm below top of exposure 1992 
P1 114 1525/0277 BPI70 Devitnfied, black, vesicular pumice 50cm from base 1992 
BPI7I 100cm 1992 
BP172 175cm 1992 
BP173 275cm 1992 
BP174 350cm 1992 
BP175 425cm 1992 
BP176 525cm 1992 
BP177 700-725cm 1992 
BPI78 800-825cm 1992 
BP179 875-925cm 1992 
BP180 1100-1150cm 1992 
BPI8I 1200cm 1992 
P0 113 	1478/0343 BP182 Grey devitrified pumice 1992 
BP183 Grey devitnfied aphyric vesicular pumice 1992 
P1 BP184 Dark grey aphyric pumice, weathers brown 1992 
P1 a BP1 85 Dark grey vesicular pumice, weathers brown 1992 
• BP186 Dark grey pumice, weathers orange 1992 
P1 114 	1525/0277 BP187 Upper imof exposure - black, microcrystal line pumice 1992 
BP188 Upper im of exposure - grey, microcrystal line 1992 
P1 113 	1478/0343 BP189 Black, devitrified, aphyric pumice 1992 
St Louis Formation. 
UNIT SITE 	GRID REF SAMPLE DESCRIPTION DATE 
Height above base of exposure (except where shown) 
L 52 	1465/0333 BP95 Syenite xenolith 1990 
BP96 Pumice with inclusion c. 100cm from base 1990 
BP97 Pumice with inclusion c. 500cm from base 1990 
54 	1465/0333 BPI04 Coarse-grained xenolith 1990 
BPI05 GBQ pumice with streak of GGQ, c.300cm 1990 
BP106 GBQ pumice c. 300cm 1990 
BP107 (IGQ pumice, c. 350cm 1990 
100 	1467/0330 BP140-1 a GGQ pumice, c. 0cm. Collected by Gillot and Kieffer. 1991 K&G 
BPI40-2 GBQ pumice, c. 50cm K&G 
BPI40-3 GBQ pumice, c. 100cm K&G 
BPI40-4 BDM pumice, c. 150cm K&G 
BPI40-5 BDM pumice, c. 200cm K&G 
BP140-6 BDM pumice, c. 250cm K&G 
BPI40-7 Basaltic xenolith, c. 300cm K&G 
BPI40-8 GBQ pumice, c. 300cm K&G 
BP140-9 BDM pumice. c. 350cm K&G 
BPI40-10 BDM pumice. c.400cm K&G 
BP140-1 I •BDM pumice, c. 450cm K&G 
BPI40-12 BDM pumice, c. 500cm K&G 
BP140-13 BDM pumice, c. 550cm K&G 
L 100 	1467/0330 BPI5Ia BDM pumice, 20-60cm 1992 
BPI5Ib GBQ pumice, 20-60cm 1992 
BP152a GBQ pumice, 90-120cm 1992 
BP152b BDM pumice, 90-120cm 1992 
BP152c GBQ pumice, 90-120cm 1992 
BPI53a BDM pumice, 130-150cm 1992 
BP153b BDM pumice, 130-150cm 1992 
BP154a GBQ pumice, 170-210cm 1992 
BPI54b BDM pumice, 170-210 1992 
BPI54d GBQ pumice. 170-210 1992 
BPI55a BDM pumice, 240-270cm 1992 
BPI55b GBQ pumice, 240-270 1992 
8P156 GGQ pumice. 260cm 1992 
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116 	1468/0331 
Dalle Soudee Formation 
UNIT 	SITE GRID REF 
DS1 	I 	1455/0567 
DSL 2 1461/0564 
DSL 3 1445/0563 
DS2 4 1445/0568 
DS2 5 1445/0568 
DS2 6 1441/0576 
DS2 7 1443/0569 
DS4 8 142210554 
DSL 10 1475/0520 
DSL 11 1490/0514 
DS3 
DSL 	12 	1483/0516 
Dalle Soudee Formation (cont) 
UNIT 	SITE GRID REF 
DSL 13 1483/0516 
DS2 15 1424/0620 
16 1425/0615 
DS4 21 140210586 
DS3 57 1455/0567 
DS4 45 1609/0574 
Intrusive 
units 
UNIT 	SITE GRID REF 
Chaos syenite 27 	1515/0498 
Syenite cone- 62 	7 
sheet 
St Louis Formation (cont.) 
UNIT 	SITE GRID REF SAMPLE DESCRIPTION 
BP157 BDM pumice. 330-370cm 
BP157a GBQ pumice. 330-370cm 
BPI57c BDM pumice. 330-370cm 
BP158 Pumices 410-460cm 
BPI90 GGQ pumice. 160cm 
SAMPLE DESCRIPTION 
BPI 	Altered juvenile material 
BP2 Altered juvenile material 
BP3 	Gabbroic xenolith 
BP4 Gabbroic xenolith 
BP5 	Gabbroic xenolith 
BP6 Juvenile material with olivine - rich xenolith 
BP7 	Juvenile material 70cm from surface of deposit 
BP8 Juvenile material 127cm from surface of deposit 
BP9 	Loose xenoliths 
BPIO Massive, sparsely-phyric lava 
BPI I 	Massive lava with fresh feldspar phenocryst 
BPI lb Same lava 
BPI2 	Welded part of DS2 (juvenile material) 
BP13 Xenoliths from welded, part of DS2 
BP14 	Juvenile material 226cm from base 
BPI5 Juvenile material 10cm from base 
BP16 	Juvenile material 100cm from base 
BPI7 "Quenched bomb" 100cm from base 
BP18 	Juvenile material 40cm from base 
BPI9 Juvenile material 250cm from base 
BP20 	Juvenile material 300cm from base 
BP21 "Quenched bombs" 
BP22 	Block from DS4 trachyte block-and-ash flow deposit, W. flank. 
BP23 Block from DS4 trachyte block-and-ash flow deposit. W. flank. 
BP24 	Block from DS4 trachyte block-and-ash flow deposit, W. flank. 
BP25 Feldspar-rich xenolith from sparsely-phyric lava 
BP26 	3-phase gabbro xenolith 
BP27 Light grey lava 
BP28 	Dark grey lava (from mixed flow) 
BP29 Very heterogeneous, welded DS3 
BP30 	Xenolith in DSL 
BP3I Matrix of DSL 
SAMPLE DESCRIPTION Field 
season 
BP32 Large gabbroic xenolith in DSL 1990 
BP36 Sparsely feldsparphync "Quenched bombs" 1990 
BP37 Quenched bombs 1990 
BP40 Altered trachyte 1990 
BPI 15 Coarse-grained gabbroic xenolith 1990 
BPI 16 Mixed-magma juvenile clast 1990 
BP85 Light orange-yellow pumice - DS4 block-and-ash flow, E. flank. 1990 
BP86 Light orange-yellow pumice - DS4 block-and-ash flow, E. flank. 1990 
SAMPLE DESCRIPTION DATE 
BP46 Microsyenite 1990 
BP47 Microsyenite with pegmatite 1990 
BP48 Microsyenite with pegmatite and xenolith c. 2cm diameter 1990 













































UNIT SITE 	GRID REF SAMPLE DESCRIPTION DATE 
cone-sheet 
Late-stage ? 	 ? RE15 Aphyric dyke cutting Chaos syenire BGJU 
intrusives ? RE260 Irregular dyke cutting scoria close to summit of Piton des Neiges BGJU 
REI07 From dyke "squeeze-up" in summit lava flow. Caverne Dufour BGJU 
Late-stage 
lavas 
UNIT SITE 	GRID REF SAMPLE DESCRIPTION DATE 
? RE99 Lava samples, Caverne Dufour (summit region. Piton des BGJU 
Neiges) 
RE 100 Lava samples, Caveme Dufour (summit region, Piton des BGJU 
Neiges) 
REIOI Lava samples, Caveme Dufour (summit region, Piton des BGJU 
Neiges) 
RE259 Lava samples. Caveme Dufour (summit region. Piton des BGJU 
Neiges) 
RE262 Lava samples, Caveme Dufour (summit region, Piton des BGJU 
Neiges) 
RE263 Lava samples, Caverne Dufour (summit region, Piton des BGJU 
Neiges) 
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APPENDIX B: ANALYTICAL TECHNIQUES. 
B. 1: Electron microprobe 
Mineral analyses were for the most part made on the Cameca Camebax Microbeam at 
Edinburgh University. WDS analyses generally used a spot beam, an accelerating 
voltage of 20kV, and a beam current of 20nA; sodic feldspar analyses used a beam 
rastered over 100j.1m2. Glass analyses used a rastered beam and a beam current of I OnA. 
Count times were 30 seconds on the peak and 10 seconds on the background. PAP 
corrections were applied according to the method of Pichou and Pichet (unpubi.). 
Standards and crystals used for analysis are given in Table B. I. 
Table B.1: Operating conditions of the electron microprobe 
Element 	Standard 	Crystal: 
K Orthoclase PET 
Ca Wollastonite PET 
Ti Rutile PET 
Ba Baryte PET 
Cr Metal PET/LIF 
Mn Metal LIF 
Fe Metal LIF 
Ni Metal LIF 
Na Jadeite TAP 
Mg Periclase TAP 
Al Corundum TAP 
Si Wollastonite TAP 
PET=Penta eurythritol 
LJF=Lithium fluoride 
TAP=Thallium acid phthalate 
Analytical precision and detection limits can be calculated from a single analysis using 
the equations: 




Where: 	T = peak count time 
Tb = background count time 
R = peak count rate 
Rb = background count rate 
W = wt% element or oxide 
These have been calculated for a representative analysis of each phase analysed, and 
results are presented in Table B.2. 
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Table B2: Calculated analytical precision and detection limits for representative phases on the 
Cameca Camebax Microbeam at Edinburgh University. 2a=2 x Standard Deviation; 
d.l.=Detection Limit. 
Iledenbergite Saute Plagioclase Alkali feldspar 
Element Wt% 2a d.l Wt% 2a d.l Wt% 2 d.l Wt% 2cj d.l 
oxide oxide oxide oxide 
K 0.003 0.012 0.001 0.000 0.000 0.000 0.488 0.026 0.015 5.128 0.061 0.015 
Fe 28.201 0.228 0.044 7.971 0.129 0.038 0.300 0.040 0.026 0.207 0.033 0.021 
Na 0.593 0.050 0.031 0.511 0.041 0.025 7.880 0.110 0.029 7.887 0.098 0.024 
Si 47.352 0.180 0.031 51.873 0.188 0.031 59.995 0.206 0.031 66.479 0.191 0.027 
Mn 1.353 0.068 0.038 0.612 0.051 0.032 0.010 0.029 0.003 0.013 0.025 0.004 
Mg 0.688 0.036 0.022 15.237 0.115 0.022 0.027 0.016 0.005 0.003 0.014 0.001 
Al 0.518 0.031 0.020 1.327 0.039 0.021 24.561 0.125 0.023 19.427 0.101 0.019 
Ca 20.291 0.122 0.024 20.923 0.126 0.023 6.744 0.075 0.020 0.640 0.027 0.016 
Ni 0.028 0.036 0.006 0.024 0.034 0.005 0.015 0.031 0.004 0.005 0.002 0.001 
Ti 0.676 0.034 0.022 0.674 0.035 0.023 0.061 0.021 0.008 0.000 0.000 0.000 
Fe-rich olivine 
Wt% 	2a 	d.l 
oxide 
0.031 0.019 0.005 
51.587 0.299 0.048 
0.177 0.042 0.025 
32.342 0.161 0.034 
1.810 0.073 0.037 
12.331 0.123 0.029 
274.000 29.136 18.122 
0.684 0.033 0.021 
0.040 0.037 0.007 
0.186 0.026 0.014 
Mg-rich olivine 
Element Wt% 2a d.l 
-.1 oxide 
K 0.007 0.016 0.001 
Fe 11.938 0.154 0.038 
Na 0.015 0.021 0.004 
Si 39.885 0.180 0.032 
Mn 0.206 0.039 0.024 
Mg 47.515 0.191 0.024 
Al 0.078 0.023 0.010 
Ca 0.064 0.020 0.008 
Ni 0.026 0.005 0.003 
Ti 0.187 0.159 - 0.026 
Ilmenite 
Wt% 2a d.l 
oxide 
0.015 0.017 0.002 
49.018 0.291 0.048 
0.000 0.000 0.000 
0.045 0.025 0.005 
2.355 0.084 0.043 
0.516 0.040 0.026 
0.055 0.025 0.007 
0.117 0.021 0.010 
0.000 0.000 0.000 
45.879 0.174 0.033 
Magnetite Amphibole Glass 
Wt% 2a d.l Wt% 2a d.l Wt% 2cy d.l 
oxide oxide oxide 
0.000 0.000 0.000 1.002 0.035 0.017 5.019 0.080 0.022 
68.171 0.337 0.052 22.270 0.206 0.042 6.157 0.137 0.044 
0.011 0.042 0.003 2.590 0.086 0.038 6.420 0.123 0.032 
0.080 0.027 0.009 39.343 0.179 0.033 63.514 0.247 0.037 
0.925 0.058 0.035 0.667 0.053 0.033 0.265 0.046 0.030 
1.602 0.059 0.032 6.795 0.089 0.024 0.013 0.021 0.003 
2.359 0.058 0.029 10.192 0.096 0.026 14.160 0.116 0.024 
0.008 0.017 0.001 10.509 0.092 0.022 1.230 0.045 0.023 
0.039 0.040 0.007 3.410 0.059 0.026 0.002 0.027 0.001 
25.259 0.130 0.030 0.003 0.033 0.001 0.394 0.035 0.022 
Sample preparation for whole rock analysis. 
Samples of pumice, fiamme, lavas, intrusives and xenoliths were crushed for XRF 
analysis. Between 20 and lOOg of homogeneous sample was crushed to a size of 0.5-
1.0cm in a jaw crusher. Between 100 and 400g of the more heterogeneous coarse-grained 
samples were used. Smaller samples were trimmed beforehand on a diamond buffer to 
remover weathered rinds. The chips were then crushed in a Tema tungsten carbide 
swing-mill for 1-4 minutes to a grain size of <200p.m. 
X-Ray fluorescence spectrometry 
Samples were analysed for 10 major and 17 trace elements using a rhodium tube on the 
Philips PW1480 wavelength dispersive sequential XRF spectrometer at Edinburgh 
University. Major elements were analysed on fused glass discs perpared using Johnson 
Matthey Spectroflux 105R and trace elements were analysed on pressed powder pellets. 
Zr, Nb, Y, Sr, Rb, Th and Pb were analysed separately on the same pellets to give very 
high precision data (see Chapter 6). Details of preparation procedure are given in Fitton 
et al. (1984) and Fitton and Dunlop (1985). Matrix corrections for trace elements were 
made using mass absorption coefficients based on the major element analyses. USGS 
and CRPG rock standards (Abbey, 1980) were used to calibrate each element. Six 
separate glass discs were made for the gabbro sample BPI 34, and six powder pellets were 
made.for the pumice sample BP176 to measure analytical precision. The mean and 2 of 
the results are given in Table B.3. 
Table B.3: Analytical precision from repeated XRF analyses. 
BP135 	Mean 	2a 	 BP176 	Mean 	2a 
(majors) (traces) 
Si02 43.80 0.32 Sc 9.30 3.11 
A1203 21.61 0.14 Ba 625.55 11.46 
Fe203 11.59 0.20 V 20.10 7.35 
MgO 3.82 0.10 La 64.30 2.55 
CaO 13.36 0.08 Ce 126.55 15.13 
Na20 1.88 0.08 Nd 63.70 4.81 
K20 0.28 0.00 Cr below detection limit 
Ti02 2.71 0.01 Ni 5.10 1.98 
MnO 0.12 0.01 Cu 20.80 20.93 
P205 0.11 0.02 Zn 132.15 4.67 
Total 99.27 0.35 Nb 74.80 1.13 
WI 0.65 0.06 Zr 617.45 7.78 
Y 60.30 0.28 
Total+LO1 99.91 Sr 359.95 6.08 
Rb 84.30 0.00 
Th 8.70 0.28 
Pb 5.65 0.99 
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B.4: Ion Microprobe Analyses 
Selected trace-element analyses were performed on 10 feldspar and pyroxene samples on 
the NERC Cameca ims-4f ion microprobe at Edinburgh University with Charles Evans & 
Associates interface and computer control. Analysis was by Secondary Ion Mass 
Spectrometry (SIMS). A primary beam of 0 ions with an intensity of 8nA and a total 
accelerating voltage of 14.5kV gave a beam size of 25-40pm. A NBS 610 glass was used 
as a standard, and ion yields were normalised to 30Si (Hinton, 1990). Interferences 
caused by molecular species were reduced using energy filtering similar to the methods 
described in Zinner and Crozaz (1987). Nb was corrected for the presence of 92ZrH by 
measurement of the 94ZrH peak at mass 95. Similarly, Rb was corrected for the presence 
of FeSi (at mass 84?; heavy REE were corrected for LREE+O interference; and Eu and 
the REE were corrected for BaO interference. Backgrounds, measured at mass 130.5, 
gave a value of <0.02 counts per second. Positive secondary ions were measured using 
an electron multiplier by sequential stepping of the magnetic field through a cycle of 
relative atomic mass. Errors were calculated based on counting statistics. A combination 
of the following isotopes was analysed: "B, 30Si, 85Rb, 88Sr, 89y, 90Zr, 93Nb, 13813a, 139La, 
140Ce, 143Nd, 149Sm, 153Eu and 208Pb. Results are given in appendix D. 
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APPENDIX C: ELECTRON MICROPROBE DATA 
Table C.!: Juvenile pumices, fiamme and lavas 
Olivines 
Salazie Formation (upper flow-unit Sa14 only) 
BPS! BP82 BP82 zoned xenocryst 
Rim > Core 
NA20 0.02 0.02 0.03 0.02 0.03 0.00 0.01 0.02 0.02 0.02 
MGO 40.85 44.53 42.80 43.90 25.28 28.94 37.85 39.53 40.97 42.31 
S102 39.31 40.26 40.00 40.19 35.62 36.47 38.65 39.03 39.48 39.72 
CAO 0.08 0.08 0.08 0.09 0.20 0.17 0.04 0.08 0.08 0.04 
T102 0.02 0.01 0.04 0.02 0.03 0.02 0.02 0.01 0.02 0.03 
MNO 0.40 0.15 0.25 0.25 1.16 0.97 0.49 0.41 0.35 0.27 
FEO 19.03 14.39 15.94 15.20 37.36 32.87 22.15 20.09 17.97 16.61 
MO 0.26 0.33 1 	0.40 0.46 0.12 0.20 0.31 0.23 0.27 0.30 
TOTAL 99.97 99.76 99.55 100.12 99.82 99.67 99.54 99.44 99.20 99.33 
Recalculated to 4 oxygens 
fSi4+ 1.01 1.01 1.01 1.01 1.01 1.01 1.01 1.01 1.02 1.01 
4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
fFe2+ 0.41 0.30 0.34 0.32 0.88 0.76 0.48 0.39 0.37 0.35 
fMn2+ 0.01 0.00 0.01 0.01 0.03 0.02 0.01 0.01 0.01 0.01 
fNi2+ 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 
fMg2+ 1.56 1.67 1.62 1.64 1.07 1.19 1.48 1.57 1.59 1.61 
fCa2+ 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 
Na+ 0.00 0.00 1 	0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
TOTAL 2.99 2.99 1 	2.99 2.99 3.00 2.99 2.99 2.99 2.99 2.99 
Olivines 
St Louis Formation: 
BDM: 	GBO: 
BPI40-3 BP140-3 BPI40-9 BP96 BP140-2 BP140-8 GPU4.0 -c' BPI40-1 BPI40-1 
Rim Core  
NA20 0.05 0.02 0.05 0.03 0.01 0.02 0.04 0.04 0.05 0.03 
MGO 45.37 45.41 2.25 0.97 7.23 1.85 0.57 2.04 0.41 0.46 
S102 39.33 39.10 29.46 29.05 30.61 29.65 28.71 29.14 29.39 29.22 
CAO 0.11 0.10 0.97 0.96 0.74 1.08 0.90 0.95 0.84 0.87 
T102 0.05 0.05 0.08 0.07 0.08 0.08 0.09 0.09 0.07 0.09 
MNO 0.21 0.20 3.77 3.88 2.74 3.82 3.70 3.57 3.75 3.74 
FEO 14.12 14.06 63.49 65.15 57.94 63.53 64.32 62.57 65.16 65.21 
NIO 0.15 0.15 0.04 0.02 - 0.05 0.03 0.00 0.00 0.00 
TOTAL 99.43 99.14 100.14 100.15 99.38 100.09 98.34 98.40 99.72 99.66 
Recalculated to 4 oxygens 
fSi4+ 0.99 0.99 0.98 0.98 0.99 0.99 0.99 0.99 1.00 0.99 
fTi4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
fFe2+ 0.30 0.30 1.77 1.84 1.57 1.77 1.85 1.78 1.85 1.85 
fMn2+ 0.00 0.00 0.11 0.11 0.08 0.11 0.11 0.10 0.11 0.11 
Ni2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
fMg2+ 1.71 1.71 0.11 0.05 0.35 0.09 0.03 0.10 0.02 0.02 
fCa2+ 0.00 0.00 0.04 0.04 0.03 0.04 0.03 0.04 0.03 0.03 
fNa+ 0.00 0.00 0.00 0.00 0.00 0.00 	1 0.00 0.00 1 	0.00 0.00 
TOTAL 3.01 3.01 3.02 3.02 3.01 3.01 	1 3.01 3.01 1 	3.00 3.01 
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Pyroxenes 
St Louis Formation 
BDM 	 GBO 	 GGO 
BPI40-4 BPI40-3 BPI40-9 BPI40-8 BPI90 BPI40-I 
NA20 0.44 0.45 0.42 0.34 0.32 0.77 0.88 0.49 0.47 0.60 0.66 
MGO 13.91 13.67 12.97 15.93 16.36 0.59 0.53 1.71 1.77 1.13 0.52 
AL203 2.75 2.59 2.17 3.86 3.87 0.42 0.47 0.58 0.57 0.73 0.42 
S102 50.48 50.86 50.80 50.86 51.18 47.67 47.53 47.71 47.82 47.00 47.65 
CAO 21.26 21.24 21.27 22.46 21.88 20.35 19.85 20.79 20.75 19.90 20.24 
T102 1.26 1.15 1.07 1.21 1.22 0.45 0.52 0.67 0.66 0.97 0.59 
MNO 0.34 0.33 0.43 0.12 0.09 1.30 1.39 1.37 1.39 1.48 1.30 
FEO 9.44 9.62 10.76 4.94 5.04 28.73 29.04 26.76 26.65 27.71 28.60 
MO 0.00 0.01 0.00 0.03 0.04 0.05 0.03 0.02 0.00 0.00 0.00 
TOTAL 99.86 99.92 99.89 99.74 99.99 100.32 100.24 100.12 100.10 99.53 99.98 
Recalculated to 4 oxygens 
1514+ 1.90 1.91 1.92 1.88 1.88 1.97 1.97 1.96 1.96 1.95 1.97 
tTi4+ 0.04 0.03 0.03 0.03 0.03 0.01 0.02 0.02 0.02 0.03 0.02 
fA13+ 0.12 0.12 0.10 0.17 0.17 0.02 0.02 0.03 0.03 0.04 0.02 
fFe2+ 0.30 0.30 0.34 0.15 0.16 0.99 1.00 0.92 0.91 0.96 0.99 
fMn2+ 0.01 0.01 0.01 0.00 0.00 0.05 0.05 0.05 0.05 0.05 0.05 
fNi2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
fMg2+ 0.78 0.77 0.73 0.88 0.90 0.04 0.03 0.11 0.11 0.07 0.03 
fCa2+ 0.86 0.85 0.86 0.89 0.86 0.90 0.88 0.91 0.91 0.88 0.90 
fNa+ 0.03 0.03 0.03 1 	0.02 0.02 0.06 0.07 1 	0.04 0.04 1 	0.05 1 	0.05 
TOTAL 4.03 4.02 4.02 1 	4.02 4.02 4.04 4.04 1 	4.03 4.02 1 	4.03 1 4.03 
Pyroxenes 
Dalle Soudee Formation 	 Late-stage lavas 
DS2 	 0S3 	 DS4 
BPI6 BP6 BPI BP85 I Re101 
NA20 0.83 1.39 0.50 0.53 0.50 0.52 0.47 0.53 0.39 0.06 
MGO 4.13 1.62 1.15 15.30 15.17 16.09 13.23 11.89 13.13 23.52 
AL203 0.47 0.29 0.54 1.17 1.35 2.21 3.38 5.53 3.48 0.01 
S102 48.74 47.51 47.62 52.16 51.81 51.86 48.83 46.28 48.49 34.12 
CAO 18.62 16.44 20.60 21.04 20.84 21.20 20.82 21.03 20.99 0.42 
T102 0.53 0.81 0.69 0.53 0.66 0.91 1.81 3.14 2.13 0.15 
MNO 1.35 1.51 1.30 0.60 0.61 0.19 0.32 0.29 0.32 1.00 
FEO 24.84 29.57 27.49 7.80 8.06 6.34 10.02 10.44 10.17 40.05 
MO 0.01 0.02 0.03 0.03 0.03 0.04 0.01 0.01 0.01 0.05 
TOTAL 99.91 99.52 99.15 99.17 99.02 99.35 98.89 99.17 99.12 99.42 
Recalculated to 6 oxygens 
1514+ 1.98 1.98 1.96 1.96 1.95 1.92 1.86 1.77 1.85 1.48 
fTi4+ 0.02 0.03 0.02 0.02 0.02 0.03 0.05 0.09 0.06 0.01 
fAl3+ 0.02 0.01 0.03 0.05 0.06 0.10 0.15 0.25 0.16 0.00 
fFe2+ 0.84 1.03 0.95 0.25 0.25 0.20 0.32 0.33 0.32 1.45 
fMn2+ 0.05 0.05 0.05 0.02 0.02 0.01 0.01 0.01 0.01 0.04 
Ni2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
fMg2+ 0.25 0.10 0.07 0.86 0.85 0.89 0.75 0.68 0.75 1.52 
fCa2+ 0.81 0.73 0.91 0.85 0.84 0.84 0.85 0.86 0.86 0.02 
fNa+ 0.07 0.11 0.04 1 	0.04 0.04 1 	0.04 0.03 1 	0.04 0.03 0.01 
TOTAL 4.03 4.04 4.02 1 	4.03 4.02 1 	4.02 4.03 1 	4.03 4.03 4.52 
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Olivines 
Dalle Soudee Formation 
8P16 BP6 BPI 
NA20 0.01 0.01 0.18 0.02 0.02 0.02 0.02 0.02 0.01 0.01 
MGO 45.29 44.91 12.33 14.37 15.36 47.52 47.07. 43.78 21.86 50.03 
S102 39.41 39.28 32.34 32.21 32.39 39.89 39.83 39.22 34.04 40.16 
K20 0.01 0.01 0.03 0.01 0.00 0.01 0.00 0.01 0.03 0.01 
CAO 0.08 0.09 0.68 0.46 0.41 0.06 0.10 0.08 0.32 0.02 
T102 0.03 0.03 0.19 0.11 0.10 0.03 0.03 0.05 0.09 0.01 
1%INO 0.20 0.22 1.81 1.87 1.89 0.21 0.24 0.28 1.45 0.13 
FEO 14.47 14.37 51.59 49.99 49.12 11.94 12.78 16.22 41.51 9.63 
NIO 0.28 0.25 0.04 0.06 0.06 0.19 0.15 0.16 0.10 0.38 
TOTAL 99.79 99.17 99.19 99.10 99.34 99.85 100.21 99.81 99.41 100.38 
Recalculated to 4 oxygens 
fSi4+ 0.99 0.99 1.00 0.99 0.99 0.99 0.99 0.99 0.99 0.98 
tTi4+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
fFe2i- 0.30 0.30 1.33 1.29 1.25 0.25 0.27 0.34 1.01 0.20 
f'Mn2+ 0.00 0.01 0.05 0.05 0.05 0.00 0.01 0.01 0.04 0.00 
fNi2+ 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
fMg2+ 1.70 1.69 0.57 0.66 0.70 1.76 1.74 1.65 0.95 1.83 
fCa2+ 0.00 0.00 0.02 0.02 0.01 0.00 0.00 0.00 0.01 0.00 
fNa+ 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
fK+ 0.00 0.00 1 0.00 0.00 0.00 1 	0.00 0.00 0.00 0.00 0.00 




BP54 BP58c RE364 
NA20 0.57 1.32 0.36 0.43 0.52 0.58 0.35 0.34 0.48 0.28 0.47 
MGO 0.84 0.20 13.67 2.70 0.96 0.78 12.39 15.63 14.09 16.58 8.78 
AL203 0.52 0.29 3.79 0.69 0.64 0.47 2.41 3.21 3.14 2.16 0.81 
S102 47.61 47.89 49.40 48.69 47.75 46.74 49.99 51.03 50.19 51.44 49.93 
K20 0.00 0.00 0.00 0.00 0.00 0.00 0.01 - - 0.04 0.01 
CAO 20.03 18.67 21.50 20.18 19.90 20.44 22.03 21.27 21.91 20.81 19.55 
T102 0.64 0.48 1.95 0.76 0.78 0.59 0.81 1.23 1.65 0.81 0.47 
MNO 1.34 1.32 0.21 1.34 1.48 1.43 0.25 0.14 0.24 0.16 0.96 
FEO 28.01 28.86 8.67 24.98 27.75 27.93 10.92 5.67 8.21 6.21 17.23 
TOTAL 99.56 99.03 99.55 99.77 99.78 98.96 99.16 98.52 99.91 99.20 98.24 
Recalculated to 	oxygens 
fSi4+ 1.97 2.00 1.86 1.98 1.97 1.96 1.91 1.89 1.88 1.89 1.97 
fTi4+ 0.02 0.02 0.06 0.02 0.02 0.02 0.02 0.03 0.05 0.04 0.01 
fA13+ 0.03 0.01 0.17 0.03 0.03 0.02 0.11 0.14 0.14 0.12 0.04 
fFe2+ 0.97 1.01 0.27 0.85 0.96 0.98 0.35 0.18 0.26 0.27 0.57 
fMn2+ 0.05 0.05 0.01 0.05 0.05 0.05 0.01 0.00 0.01 0.01 0.03 
fMg2+ 0.05 0.01 0.77 0.16 0.06 0.05 0.71 0.86 0.79 0.79 0.52 
fCa2+ 0.89 0.83 0.87 0.88 0.88 0.92 0.90 0.85 0.88 0.88 0.83 
fTJa+ 0.05 0.11 0.03 0.03 0.04 0.05 0.03 0.02 0.04 0.03 0.04 
fK+ 0.00 0.00 0.00 0.00 0.00 0.00 000 - - 0.00 0.00 





BP77b BP96 RE364 
NA20 8.64 7.99 7.96 8.37 8.23 7.91 8.44 8.51 9.11 2.19 
AL203 20.72 20.84 22.80 22.33 23.13 23.39 20.17 19.62 20.47 32.54 
S102 64.79 64.24 61.35 62.30 61.29 60.95 64.90 65.73 64.27 47.01 
1(20 2.31 2.15 0.77 0.92 0.77 0.74 3.78 3.83 1.92 0.08 
CAO 2.01 2.36 5.08 4.42 5.33 5.65 1.26 0.97 1.89 16.44 
FEO 0.22 2.33 0.36 0.29 0.31 0.28 0.26 0.19 0.24 0.77 
TOTAL 98.69 99.90 98.31 98.63 99.06 98.93 98.81 98.85 97.90 99.03 
Recalculated to 32 oxygens 
fSi4+ 11.62 11.48 11.09 11.21 11.01 10.97 11.69 11.81 11.59 8.75 
fAI3+ 4.38 4.39 4.86 4.73 4.90 4.96 4.28 4.16 4.41 7.14 
fFe2i- 0.03 0.35 0.06 0.04 0.05 0.04 0.04 0.03 0.04 0.12 
fCa2+ 0.39 0.45 0.98 0.85 1.03 1.09 0.24 0.19 0.37 3.28 
fNa+ 3.00 2.77 2.79 2.92 2.87 2.76 2.95 2.97 3.19 0.79 
fK+ 0.53 0.49 0.18 0.21 0.18 0.17 0.87 0.88 0.44 0.02 




NA20 9.16 8.66 9.10 7.88 8.82 1.78 8.37 8.91 2.71 
AL203 20.24 22.33 20.55 23.81 19.53 33.48 23.43 21.95 32.12 
S102 65.02 62.51 64.59 60.70 66.44 46.23 61.51 64.01 48.90 
1(20 2.24 0.83 1.90 0.58 3.13 0.07 0.70 1.21 0.16 
CAO 1.74 4.34 2.23 5.78 0.79 17.25 4.99 3.15 15.62 
T102 0.02 0.05 0.03 0.05 0.01 0.01 0.02 0.04 0.10 
FEO 0.25 0.34 0.23 0.33 0.42 0.65 0.28 0.27 0.66 
TOTAL 98.42 98.72 98.40 98.80 98.72 98.82 99.02 99.27 99.61 
Recalculated to 32 oxygens 
fSi4+ 11.68 11.22 11.60 10.91 11.87 8.58 11.03 11.39 8.96 
fAl3-s- 4.28 4.73 4.35 5.05 4.11 7.33 4.94 4.60 6.94 
fFe2+ 0.04 0.05 0.04 0.05 0.06 0.10 0.04 0.04 0.10 
fCa2+ 0.34 0.84 0.43 1.11 0.15 3.41 0.96 0.60 3.07 
fNa+ 3.19 3.01 3.17 2.75 3.06 0.64 2.91 3.07 0.96 
fK+ 0.51 0.14 0.44 0.13 0.71 0.02 0.16 0.28 0.04 
TOTAL 20.04 20.00 20.02 20.00 19.96 20.08 20.04 19.98 20.07 
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Feldspars 
Sa13 distal facies 
RE364 
NA20 4.51 1.49 2.99 4.46 7.72 8.03 7.55 7.36 7.50 7.53 
AL203 28.56 32.91 31.18 28.87 18.71 19.53 18.46 18.78 19.02 18.70 
S102 53.34 45.79 49.49 52.16 67.20 65.47 66.52 67.85 67.31 67.07 
1(20 0.32 0.06 0.20 0.34 5.77 4.32 6.04 6.15 5.76 5.70 
CAO 11.68 18.00 15.17 12.33 0.24 0.95 0.29 0.22 0.34 0.24 
BAO - - -. - 0.05 1.06 0.05 0.08 0.15 0.04 
T102 0.07 0.05 0.06 0.11 0.00 0.00 0.00 0.00 0.00 0.00 
FEO 0.50 0.55 0.26 0.42 0.25 0.22 0.25 0.22 0.23 0.25 
TOTAL 98.98 98.85 99.35 98.69 99.94 99.58 99.16 100.66 100.31 99.53 
Recalculated to 32 oxygens 
fSi4+ 9.79 8.57 9.12 9.63 12.01 11.80 12.00 12.04 11.98 12.02 
fAl3+ 6.15 7.26 6.77 6.27 3.94 4.15 3.93 3.93 3.99 3.95 
fFe2+ 0.08 0.09 0.04 0.07 0.04 0.03 0.04 0.03 0.03 0.04 
fCa2+ 2.29 3.61 3.00 2.44 0.05 0.18 0.06 0.04 0.07 0.05 
fBa2+ - - - - 0.00 0.08 0.00 0.01 0.01 0.00 
fNa+ 1.60 0.54 1.07 1.60 2.67 2.81 2.64 2.53 2.59 2.62 
fK+ 0.08 0.01 0.05 0.08 1.32 0.99 1.39 1.39 1.31 1.30 
TOTAL 19.97 20.08 20.05 20.08 20.02 20.03 20.05 19.97 19.98 19.97 
Feldspars 
Lower flow-unit (Sa13) proximal facies 
(rppn finmmr 	 Black fiamine 
BP199 BP20I 
NA20 7.83 7.89 7.92 7.66 7.68 7.76 7.60 8.30 7.89 
AL203 19.07 19.08 19.38 19.20 19.08 18.45 19.42 19.97 19.43 
S102 67.53 67.69 67.06 66.25 65.88 66.23 66.38 65.34 66.48 
1(20 5.87 5.64 5.51 5.68 5.41 5.50 5.64 3.98 5.13 
CAO 0.18 0.20 0.49 0.43 0.51 0.45 0.60 1.16 0.64 
BAD 0.07 0.03 0.31 0.19 0.21 0.05 0.30 - - 
FEO 0.32 0.31 0.26 0.24 0.26 0.97 0.23 0.21 0.21 
TOTAL 100.86 100.83 100.94 99.64 99.03 99.41 100.18 98.96 99.77 
Recalculated to 32 oxygens 
TITLE 3.00 5.00 8.00 1.00 2.00 5.00 4.00 3.00 9.00 
fSi4+ 11.96 11.98 11.89 11.89 11.89 11.94 11.86 11.75 11.88 
fAl3+ 3.98 3.98 4.05 4.06 4.06 3.92 4.09 4.23 4.09 
fFe2+ 0.05 0.05 0.04 0.04 0.04 0.15 0.04 0.03 0.03 
fCa2+ 0.03 0.04 0.09 0.08 0.10 0.09 0.12 0.22 0.12 
fBa2+ 0.01 0.00 0.02 0.01 0.02 0.00 0.02 - - 
fNa+ 2.69 2.71 2.72 2.67 2.69 2.71 2.63 2.89 2.73 
fK+ 1.33 1.27 1.25 1.30 1.25 1.27 1.29 0.91 1.17 
TOTAL 20.05 20.02 20.07 20.05 20.04 20.08 20.05 20.04 20.02 
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Feldspars 
Salazie formation unDer flow-unit (Sa14) 
BP79 BP8I BP82 
NA20 5.31 6.33 5.92 7.53 6.63 7.75 7.60 5.05 2.03 
AL203 27.87 18.97 18.46 20.08 19.02 21.25 21.58 27.97 32.89 
S102 54.12 66.21 66.62 65.13 66.40 63.30 62.97 53.61 46.60 
1(20 0.01 6.90 7.68 4.38 6.65 3.06 2.79 0.39 0.11 
CAO 11.00 0.78 0.53 2.01 0.99 3.29 3.74 11.32 17.01 
BAO - - - - - - - 0.00 - 
FEO 0.55 0.20 0.32 0.34 0.35 0.28 0.30 0.50 0.41 
TOTAL 98.86 99.39 99.53 99.47 100.04 98.92 98.98 98.83 99.05 
Recalculated to 32 oxygens 
TITLE 6.00 3.00 5.00 9.00 10.00 11.00 12.00 20.00 4.00 
fSi4+ 9.89 11.93 12.02 11.68 11.90 11.40 11.34 9.83 8.66 
fA13-*- 6.00 4.03 3.92 4.24 4.02 4.51 4.58 6.04 7.21 
fFe2+ 0.08 0.03 0.05 0.05 0.05 0.04 0.05 0.08 0.06 
fCa2+ 2.15 0.15 0.10 0.39 0.19 0.64 0.72 2.22 3.39 
fBa2+ - - - - - - - 0.00 - 
fNa+ 1.88 2.21 2.07 2.62 2.30 2.71 2.65 1.79 0.73 
fK+ 0.00 1.59 1.77 1.00 1.52 0.70 0.64 1 	0.09 0.03 
TOTAL 20.01 19.93 19.93 19.98 19.98 20.00 19.98 1 	20.06 1 	20.08 
Feldspars 
St Louis Formation 
BDM 
BPI40-11 BPI40-3 BP140-4 
NA20 7.40 5.78 3.01 6.10 6.90 7.70 7.57 
AL203 18.80 26.61 30.77 26.20 24.67 18.83 18.19 
S102 67.43 55.58 49.38 57.34 59.24 66.81 67.72 
1(20 5.78 0.32 0.19 0.33 0.69 5.19 5.81 
CAO 0.32 9.80 15.12 9.18 7.48 0.67 0.03 
BAO - - - - - - - 
FEO . 0.25 0.41 0.57 0.45 0.60 0.26 0.55 
TOTAL 99.96 98.51 99.37 99.77 99.72 99.52 99.92 
Recalculated to 32 oxygens 
fSi4+ 12.02 10.16 9.12 10.33 10.65 11.96 12.09 
fAl3+ 3.95 5.73 6.70 5.56 5.23 3.98 3.83 
fFe2+ 0.04 0.06 0.09 0.07 0.09 0.04 0.08 
fCa2+ 0.06 1.92 2.99 1.77 1.44 0.13 0.00 
fBa2+ - - - - - - - 
Thla+ 2.56 2.05 1.08 2.13 2.41 2.67 2.62 
fK+ 1.31 0.07 1 	0.04 1 	0.08 0.16 1.19 1.32 




St Louis Formation 
GBO 
BP96 BPI40-8 8P140-9 BPI40-9 BPI05 
NA20 8.46 9.27 8.16 9.48 9.46 9.63 9.47 7.64 7.57 
AL203 22.05 22.54 19.00 20.57 21.14 20.03 20.87 18.75 18.69 
S102 62.56 63.21 67.33 65.23 65.02 66.24 65.23 64.77 65.23 
1(20 0.80 0.83 5.58 2.10 1.86 2.46 1.96 5.67 5.92 
CAO 4.36 3.64 0.24 1.79 2.23 1.21 2.06 0.24 0.15 
BAO 0.27 - - - - - - - 
T102 0.04 0.12 0.03 0.05 0.04 0.03 0.06 0.02 0.02 
FEO 0.32 	1 0.28 0.28 0.28 0.29 0.24 0.27 	1 0.31 0.33 
TOTAL 98.85 1 99.89 100.62 99.49 100.04 99.83 99.91 97.40 97.90 
Recalculated to 32 oxygens 
tSi4+ 11.25 11.22 11.95 11.62 11.52 11.75 11.57 11.89 11.92 
tTi4+ 0.01 0.02 0.00 0.01 0.00 0.00 0.01 0.00 0.00 
fAI3+ 4.67 4.72 3.98 4.32 4.42 4.19 4.36 4.06 4.03 
We2+ 0.05 0.04 0.04 0.04 0.04 0.04 0.04 0.05 0.05 
fCa2+ 0.84 0.69 0.05 0.34 0.42 0.23 0.39 0.05 0.03 
fBa2+ 0.02 - - - - - - - - 
fNa+ 2.95 3.19 2.81 3.28 3.25 3.31 3.26 2.72 2.68 
fK+ 0.18 0.19 1.26 0.48 0.42 0.56 1 	0.44 1 	1.33 1.38 
TOTAL 19.96 20.06 20.09 20.08 20.08 20.08 1 20.08 120.09 20.09 
Zoned Feldspars 
St Louis Formation 
BDM 	 GBO 
BPI40-4 BP140-2 BPI05 
Core Rim Rim Core Core - )p Rim 
NA20 5.65 6.57 8.65 8.87 8.69 8.66 8.66 8.55 8.63 
AL203 26.66 25.44 22.89 22.60 20.09 20.09 19.85 20.00 19.53 
S102 55.80 57.77 61.82 62.21 65.02 63.58 63.51 63.30 63.80 
K20 0.28 0.38 0.77 0.83 2.91 2.79 3.20 2.88 3.27 
CAO 10.19 8.60 4.55 4.18 1.43 1.52 1.20 1.47 0.99 
FEO 0.40 0.33 0.27 0.23 0.22 0.23 0.19 0.19 0.21 
TOTAL 99.19 99.25 98.95 98.92 98.36 96.86 96.60 96.40 96.43 
Recalculated 1032 oxygens 
fSi4+ 10.15 10.45 11.10 11.17 11.71 11.64 11.68 11.64 11.74 
fAl3-s- 5.72 5.42 4.85 4.78 4.27 4.34 4.30 4.34 4.24 
fFe2+ 0.06 0.05 0.04 0.03 0.03 0.04 0.03 0.03 0.03 
fCa2+ 1.98 1.67 0.88 0.80 0.28 0.30 0.24 0.29 0.20 
fNa+ 1.99 2.30 3.01 3.09 3.04 3.07 3.09 3.05 3.08 
fK+ 0.06 0.09 1 	0.18 0.19 1 	0.67 0.65 0.75 0.68 0.77 
TOTAL 20.01 20.021 20.05 20.061 19.99 20.04 20.08 20.03 20.05 
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Zoned Feldspars 
St Louis Formation 
GGQ 
BPI9O 
Rim 	)Core 1 Core 	 ')'Rim 
NA20 7.78 7.77 7.74 7.69 7.72 7.88 7.83 
AL203 18.03 18.24 18.37 18.31 18.44 18.40 18.44 
S102 67.46 67.08 66.82 66.89 66.78 66.90 66.53 
1(20 5.70 5.66 5.76 5.73 5.77 5.66 5.51 
CAO 0.19 0.21 0.20 0.35 0.38 0.40 0.41 
T102 0.03 0.03 0.03 0.04 0.04 0.03 0.05 
FEO 0.36 0.30 0.32 0.24 0.22 0.25 0.30 
TOTAL 99.55 99.29 99.23 99.25 99.34 99.52 99.07 
Recalculated to 32 oxygens 
TITLE 3.00 4.00 5.00 6.00 7.00 8.00 9.00 
fSi4+ 12.09 12.05 12.02 12.03 12.01 12.01 11.99 
fTi4+ 0.00 0.00 0.00 0.01 0.01 0.01 0.01 
fA13-t- 3.81 3.86 3.90 3.88 3.91 3.89 3.92 
fFe2+ 0.05 0.05 0.05 0.04 0.03 0.04 0.05 
fCa2+ 0.04 0.04 0.04 0.07 0.07 0.08 0.08 
fNa+ 2.70 2.71 2.70 2.68 2.69 2.74 2.74 
fK+ 1.30 1.30 1.32 1.32 1.32 1.30 1.27 
TOTAL 	20.00 	20.01 	20.03 1 20.02 20.04 20.06 20.0 
Feldspars 
Dalle Soudee Formation 
BPI6 (coarse-grained streak) BPI6 (fine-grained pumice) 
NA2O 7.97 7.86 8.45 8.13 8.16 8.25 7.36 7.98 7.93 
AL203 19.21 18.70 19.23 18.80 18.49 18.95 25.10 24.35 24.46 
S102 67.39 67.54 66.72 67.30 67.15 66.66 58.74 60.29 60.25 
K20 5.34 5.89 4.37 5.16 5.20 4.69 0.44 0.54 0.50 
CAO 0.47 0.13 0.90 0.38 0.37 0.63 7.49 6.47 6.60 
BAO - - - - - - - - - 
1102 0.04 0.03 0.07 0.06 0.07 0.07 0.05 0.04 0.06 
FEO 0.24 0.50 0.69 0.68 0.86 0.86 1 	0.32 0.31 0.28 
TOTAL 100.65 100.65 100.43 100.51 100.30 100.11 99.50 99.97 100.08 
Recalculated to 32 oxygens 
tSi4+ 11.94 12.00 11.86 11.96 11.97 11.89 10.58 10.78 10.76 
fFi4+ 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.01 
fAI3+ 4.01 3.92 4.03 3.94 3.89 3.98 5.32 5.13 5.15 
fFe2+ 0.04 0.07 0.10 0.10 0.13 0.13 0.05 0.04 0.04 
fCa2+ 0.09 0.02 0.17 0.07 0.07 0.12 1.44 1.24 1.26 
fBa2+ - - - - - - - - - 
fNa+ 2.74 2.71 2.91 2.80 2.82 2.85 2.57 2.76 2.74 
fK+ 1.20 1.33 0.99 1.17 1.18 1.07 0.10 0.12 0.11 
TOTAL 20.01 20.05 20.07 20.04 20.07 20.05 1 	20.07 20.08 20.08 
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Feldspars 
Dalle Soudee Formation 
[)S2 
BPI  (fine-grained pumice) 
NA20 7.93 8.10 8.08 8.07 7.84 7.58 7.56 7.73 8.05 
AL203 18.85 18.67 18.88 18.82 18.89 24.77 24.84 24.65 24.22 
S102 67.03 67.07 67.36 67.42 67.23 59.10 59.22 59.85 60.51 
K20 5.64 5.27 5.51 5.53 5.79 0.46 0.47 0.49 0.51 
CAO 0.28 0.32 0.19 0.16 0.22 6.98 7.04 6.75 6.33 
BAO - - - - - - - - - 
FEO 0.31 0.34 0.32 0.32 0.31 0.25 0.28 0.28 0.28 
TOTAL 100.03 99.76 100.33 100.31 100.27 99.14 99.40 99.74 99.89 
Recalculated to 32 oxygens 
fSi4+ 11.96 11.98 11.98 11.99 11.97 10.66 10.65 10.72 10.81 
fAI3-s- 3.96 3.93 3.96 3.94 3.96 5.26 5.26 5.20 5.10 
fFe2+ 0.04 0.05 0.05 0.05 0.05 0.04 0.04 0.04 0.04 
fCa2+ 0.05 0.06 0.04 0.03 0.04 1.35 1.36 1.30 1.21 
fBa2+ - - -. - - - - - - 
fNa+ 2.74 2.80 2.78 2.78 2.70 2.65 2.64 2.68 2.79 
fK+ 1.28 1.20 1.25 1.26 1.32 0.10 0.11 0.11 0.12 
TOTAL 20.05 20.03 20.05 20.05 20.04 20.06 20.06 20.05 20.06 
Feldspars 
Dalle Soudee Formation 
ç, 	flg 	 0S4 
BP16 BP6 BPI BP36 BP22 
NA20 7.88 6.31 6.48 8.65 8.43 8.61 2.17 8.48 8.43 
AL203 24.56 26.69 25.94 22.16 22.00 20.06 18.79 24.28 23.66 
S102 60.00 57.20 57.95 63.49 63.22 65.55 64.23 60.91 61.43 
K20 0.49 0.49 0.61 1.53 2.03 3.45 13.03 0.69 0.98 
CAO 6.74 9.06 8.35 3.82 3.63 1.50 0.14 5.79 5.33 
FEO 0.30 1 	0.33 0.50 0.32 0.35 0.57 0.09 0.20 0.23 
TOTAL 99.97 1 100.07 99.82 99.97 99.66 99.74 98.44 100.36. 100.05 
Recalculated to 32 oxygens 
fSi4+ 10.72 10.27 10.41 11.29 11.29 11.70 11.92 10.84 10.95 
fAl3+ 5.18 5.65 5.50 4.64 4.63 4.22 4.11 5.09 4.97 
fFe2+ 0.04 0.05 0.08 0.05 0.05 0.08 0.01 0.03 0.03 
fCa2+ 1.29 1.74 1.61 0.73 0.70 0.29 0.03 1.10 1.02 
fNa+ 2.73 2.20 2.26 2.98 2.92 2.98 0.78 2.93 2.91 
fK+ 0.11 0.11 0.14 0.35 0.46 0.78 3.08 0.16 0.22 
TOTAL 20.08 20.01 19.99 20.03 20.05 20.05 19.94 19.99 19.89 
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Zoned Feldspars 
Dalle Soudee Formation 
DS4 
BP22 traverse BP85 
Core > Rim Rim Core - 
NA20 8.47 8.29 8.64 8.57 8.40 8.65 8.37 8.53 8.46 7.65 
A.L203 23.83 24.27 23.90 24.13 24.24 23.91 24.19 23.70 22.01 23.59 
S102 61.78 60.21 60.91 60.67 60.49 61.21 60.67 61.21 62.61 60.51 
1(20 0.80 0.69 0.76 0.71 0.72 0.78 0.78 1.00 1.32 0.95 
CAO 5.26 6.09 5.52 5.68 5.94 5.45 5.91 5.40 3.95 5.85 
FEO 0.17 0.17 0.18 0.17 0.18 0.21 0.22 0.21 0.18 0.25 
TOTAL 	100.31 	99.73 	99.90 	99.93 	99.97 	100.20 100.14 100.04 98.53 	98.0 
Recalculated to 32 oxygens 
fSi4+ 10.97 10.79 10.89 10.84 10.81 10.90 10.83 10.92 11.28 10.92 
fAI3+ 4.99 5.13 5.03 5.08 5.11 5.02 5.09 4.98 4.67 5.02 
fFe2+ 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.04 
fCa2+ 1.00 1.17 1.06 1.09 1.14 1.04 1.13 1.03 0.76 1.13 
fNa+ 2.92 2.88 2.99 2.97 2.91 2.99 2.90 2.95 2.95 2.68 
fK+ 0.18 0.16 0.17 0.16 0.17 0.18 0.18 0.23 	1 0.30 0.22 
TOTAL 19.89 19.99 20.00 20.01 19.99 19.98 20.15 20.15 1 20.00 20.01 
Zoned Feldspars 




NA20 7.25 8.34 8.09 8.48 8.43 8.28 8.42 8.49 
AL203 19.13 20.90 22.82 22.27 22.03 22.60 22.18 22.14 
S102 66.39 64.14 61.46 62.34 62.60 61.99 62.47 62.51 
1(20 5.65 2.61 1.13 1.21 1.19 1.11 1.20 1.24 
CAO 0.62 2.34 4.61 3.96 3.82 4.23 3.98 3.77 
FEO 0.33 0.29 0.22 0.24 0.18 0.20 0.18 0.20 
TOTAL 99.36 98.62 98.32 98.50 98.25 98.41 98.42 98.34 
Recalculated to 32 oxygens 
fSi4+ 11.92 11.54 11.11 11.23 11.29 11.18 11.26 11.27 
fAl3+ 4.05 4.43 4.86 4.73 4.68 4.80 4.71 4.71 
fFe2+ 0.05 0.04 0.03 0.04 0.03 0.03 0.03 0.03 
fCa2+ 0.12 0.45 0.89 0.77 0.74 0.82 0.77 0.73 
fNa+ 2.52 2.91 2.84 2.96 2.95 2.90 2.94 2.97 
fK+ 1.29 0.60 0.26 0.28 0.27 0.26 0.28 0.29 






NA20 4.06 4.51 4.29 4.50 6.52 5.59 5.74 5.90 
AL203 29.12 28.52 28.87 28.54 25.59 27.03 26.72 26.84 
S102 52.35 53.42 52.98 53.24 57.99 55.71 56.01 56.31 
K20 0.22 0.27 0.24 0.27 0.62 0.35 0.40 0.41 
CAD 12.66 11.82 12.28 11.91 7.91 9.69 9.36 9.29 
BAO - - - - - - - - 
FEO 0.43 0.41 0.49 0.45 0.38 0.39 0.35 0.37 
TOTAL 98.84 98.96 99.16 98.91 99.00 98.76 98.58 99.11 
Recalculated to 32 oxygens 
fNA+ 1.44 1.60 1.52 1.60 2.29 1.98 2.03 2.08 
fAL3+ 6.30 6.14 6.22 6.15 5.45 5.80 5.74 5.73 
tS14+ 9.60 9.76 9.68 9.74 10.49 10.14 10.21 10.21 
fK+ 0.05 0.06 0.06 0.06 0.14 0.08 0.09 0.09 
fCA2+ 2.49 2.32 2.40 2.34 1.53 1.89 1.83 1.80 
IBa2+ - - - - - - - - 
fFE2+ 0.07 0.06 0.08 0.07 1 	0.06 0.06 0.05 0.06 
TOTAL 19.98 19.98 19.99 20.001 19.96 19.95 19.95 19.97 
Magnetites 
Dalle Soudee Formation 
nsa 	 DS2 	 DS3 
BP85 BPI6 BPI 
MgO 0.53 0.65 0.79 0.34 0.38 0.37 0.40 1.04 0.71 0.86 
A1203 0.83 0.88 1.42 0.40 0.35 0.30 0.29 0.55 0.26 0.52 
SiO2 0.14 0.10 0.09 0.12 0.14 0.17 0.15 0.14 0.20 0.52 
CaO 0.00 0.00 0.00 0.02 0.03 0.05 0.13 0.13 0.15 0.14 
Ti02 16.87 17.13 20.14 20.78 22.03 23.07 22.28 25.16 23.77 24.12 
MnO 1.01 1.06 1.49 1.43 1.39 1.25 1.30 1.19 1.13 1.07 
FeO 48.50 48.51 49.82 48.07 48.96 49.69 49.07 51.48 50.39 50.57 
Fe203 30.04 29.95 25.55 27.73 24.84 22.04 24.06 19.76 21.87 20.96 
NiO 0.00 0.00 0.00 0.05 0.03 0.00 0.02 0.05 0.03 0.04 
TOTAL 97.91 98.28 99.29 98.94 98.12 96.94 97.69 99.50 98.50 98.80 
Recalculated to 32 oxygens: 
MG 0.24 0.30 0.36 0.15 0.17 0.17 0.18 0.46 0.32 0.38 
AL 0.30 0.32 0.51 0.14 0.13 0.11 0.11 0.19 0.09 0.18 
SI 0.04 0.03 0.03 0.04 0.04 0.05 0.05 0.04 0.06 0.16 
CA 0.00 0.00 0.00 0.01 0.01 0.02 0.04 0.04 0.04 0.04 
TI 3.93 3.97 4.58 4.74 5.06 5.35 5.13 5.65 5.41 5.44 
MN 0.27 0.28 0.38 0.37 0.36 0.33 0.34 0.30 0.29 0.27 
FE 12.57 12.51 12.59 12.19 12.50 12.82 12.58 12.85 12.76 12.69 
FE 7.01 6.95 5.81 6.33 5.70 5.12 5.55 4.44 4.98 4.73 
NI 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.01 0.01 
TOTAL 24.37 24.36 24.24 24.01 24.00 24.00 24.00 23.99 23.98 23.93 
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Magnetites 
St Louis Formation 
RDM 	 C1B0 	 GGQ 
BPI40-9 BPI40-3 BP96 BPI07 BPI90 BPI40-I 
MG 0.06 3.21 3.22 0.28 0.39 0.47 0.79 0.03 0.10 0.04 
AL 0.38 3.24 2.61 2.58 2.06 1.47 0.72 0.40 0.52 0.54 
SI 0.11 0.10 0.14 0.06 3.22 0.16 0.09 0.09 0.09 0.12 
K 0.01 0.01 0.02 0.01 0.23 0.01 0.01 0.02 0.00 0.01 
CA 0.11 0.07 0.15 0.02 2.55 0.03 0.03 0.04 0.03 0.10 
TI 21.22 22.07 21.70 10.05 9.91 19.70 24.92 21.54 26.56 24.11 
MN 1.35 0.82 0.95 0.52 0.41 1.39 1.37 1.40 1.64 1.44 
FE2+ 49.16 46.34 45.20 45.98 45.08 49.61 52.90 51.32 54.24 53.22 
FE3+ 27.09 24.29 24.53 38.19 35.02 25.30 18.60 23.50 14.83 19.78 
NI 0.02 0.04 0.03 0.17 0.04 0.00 0.00 0.02 0.02 0.00 
TOTAL 99.49 100.29 98.57 97.88 98.94 98.14 99.43 98.38 98.05 99.38 
Recalculated to 32 oxygens: 
MG 0.03 1.38 1.41 0.13 0.17 0.21 0.36 0.01 0.04 0.02 
AL 0.13 1.10 0.91 0.95 0.73 0.53 0.25 0.14 0.19 0.19 
SI 0.03 0.03 0.04 0.02 0.97 0.05 0.03 0.03 0.03 0.04 
CA 0.00 0.00 0.01 0.00 0.09 0.01 0.00 0.01 0.00 0.00 
TI 0.03 0.02 0.05 0.01 0.82 0.01 0.01 0.01 0.01 0.03 
CR 4.83 4.79 4.80 2.36 2.25 4.53 5.63 4.98 6.10 5.49 
MN 0.35 0.20 0.24 0.14 0.11 0.36 0.35 0.37 0.42 0.37 
FE 12.43 11.17 11.11 12.00 11.36 12.70 13.29 13.20 13.86 13.47 
FE 6.16 5.27 5.43 8.97 7.94 5.83 4.20 5.44 3.41 4.51 
NI 0.01 0.01 0.01 0.04 0.01 0.00 0.00 0.00 0.01 0.00 
TOTAL 24.00 24.03 24.01 124.63 24.47 24.23 24.12 24.21 24.08 1 	24.14 
Magnetites 
Salazie Formation 
tinner flaw-unit 	 Lower flow-unit 
BP79 BP77b 
MG 0.36 0.80 0.26 0.34 0.05 0.27 0.19 0.17 0.20 0.07 
AL 1.10 1.03 0.54 0.50 0.17 1.68 0.49 0.48 0.48 0.89 
SI 0.18 0.15 0.18 0.38 0.37 0.35 0.24 0.22 0.27 0.09 
CA 0.27 0.23 0.19 0.38 0.27 0.03 0.04 0.05 0.10 0.05 
TI 17.91 21.28 18.46 19.55 8.53 15.94 16.84 16.11 17.04 21.11 
MN 1.07 1.13 1.11 1.07 1.25 1.04 1.08 1.08 1.07 1.52 
FE2+ 45.65 48.17 46.16 47.06 37.14 44.10 44.99 44.26 45.03 48.81 
FE3+ 31.94 26.03 31.47 29.36 51.18 35.01 35.07 36.32 34.36 26.39 
NI 0.02 0.07 0.07 0.04 0.04 0.04 0.05 0.06 0.05 0.06 
TOTAL 98.49 98.89 98.43 98.68 99.00 98.47 98.97 98.74 98.60 99.00 
Recalculated to 32 oxygens: 
MG 0.16 0.36 0.12 0.15 0.02 0.12 0.09 0.08 0.09 0.03 
AL 0.39 0.37 0.20 0.18 0.06 0.60 0.18 0.17 0.17 0.32 
SI 0.06 0.04 0.05 0.12 0.11 0.11 0.07 0.07 0.08 0.03 
CA 0.09 0.07 0.06 0.12 0.09 0.01 0.01 0.02 0.03 0.02 
TI 4.10 4.82 4.24 4.46 1.97 3.64 3.85 3.70 3.91 4.81 
CR 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 
MN 0.27 0.29 0.29 0.28 0.33 0.27 0.28 0.28 0.28 0.39 
FE 11.61 12.13 11.79 11.94 9.54 11.19 11.45 11.30 11.49 12.36 
FE 7.31 5.90 7.23 6.71 11.83 7.99 8.03 8.34 7.89 6.01 
NI 0.01 0.02 0.02 0.01 0.01 0.01 0.01 0.02 0.01 0.02 
TOTAL 23.99 24.00 23.99 23.97 23.97 23.95 23.97 23.97 23.97 23.99 
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Ilmemtes 
DAIPSandee Formation 	 Salazie Formation: 
BP36 BP79 Salazie upper flow-unit 
MG 0.48 0.52 0.50 0.54 0.54 2.86 2.43 2.63 2.57 
AL 0.04 0.06 0.06 0.05 0.05 0.16 0.88 0.21 0.18 
SI 0.04 0.05 0.06 0.04 0.05 1.37 1.39 0.58 0.39 
CA 0.11 0.12 0.11 0.10 0.13 0.67 0.54 0.49 0.50 
TI 45.75 45.88 45.81 45.66 45.98 48.57 44.19 49.14 48.91 
MN 2.30 2.36 2.38 2.30 2.34 0.99 1.03 1.06 1.03 
FE 37.98 37.99 37.93 37.80 38.05 37.74 35.12 38.64 38.53 
FE 12.73 12.26 12.53 12.49 12.23 7.13 12.31 6.59 6.50 
NI 0.00 0.00 0.01 0.03 0.02 0.07 0.09 0.08 0.07 
TOTAL 99.43 99.23 99.43 99.02 99.41 99.56 97.97 99.41 98.69 
Recalculated to 6 oxygens: 
MG 0.04 0.04 0.04 0.04 0.04 0.21 0.18 0.20 0.19 
AL 0.00 0.00 0.00 0.00 0.00 0.01 0.05 0.01 0.01 
SI 0.00 0.00 0.00 0.00 0.00 0.07 0.07 0.03 0.02 
CA 0.01 0.01 0.01 0.01 0.01 1.80 1.67 1.84 1.84 
TI 1.75 1.76 1.75 1.75 1.76 0.00 0.01 0.01 0.00 
MN 0.10 0.10 0.10 0.10 0.10 0.04 0.04 0.05 0.04 
FE 1.62 1.62 1.61 1.62 1.62 1.56 1.47 1.61 1.62 
FE 0.49 0.47 0.48 0.48 0.47 0.27 0.47 0.25 0.25 
NI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
TOTAL 4.00 4.00 701 4.00 4.00 3.99 4.00 4.00 4.01 
Ilmenites 
St Louis Formation 
(R0 niimice 
BP1404 BP140-3 BP96 I BP107 
MG 2.87 2.73 2.83 3.08 3.01 3.06 0.31 0.92 0.85 0.84 
AL 0.16 0.20 0.16 0.11 0.46 0.12 0.04 0.24 0.34 0.55 
SI 0.07 0.27 0.14 0.04 1.96 0.16 0.02 0.09 0.13 0.12 
K 0.01 0.02 0.03 0.00 0.10 0.01 0.02 0.01 0.01 0.01 
CA 0.18 0.10 0.14 0.13 0.51 0.19 0.17 0.03 0.04 0.04 
TI 50.49 50.72 51.01 51.51 48.20 50.84 50.44 44.45 41.17 34.46 
MN 1.02 1.02 1.03 1.14 1.03 1.14 1.69 1.91 1.92 1.61 
FE 39.37 39.85 39.91 39.75 37.26 39.19 42.11 36.92 34.87 31.10 
FE 5.41 4.94 4.34 4.22 5.52 4.81 4.97 14.64 19.63 30.38 
NI 0.01 0.00 0.01 0.00 0.00 0.00 004 0.00 0.00 0.00 
TOTAL 99.60 99.88 99.62 99.99 98.11 99.55 99.94 99.25 98.97 99.15 
Recalculated to 6 oxygens: 
MG 0.21 0.20 0.21 0.23 0.22 0.23 0.02 0.07 0.07 0.07 
AL 0.01 0.01 0.01 0.01 0.03 0.01 0.00 0.01 0.02 0.03 
SI 0.00 0.01 0.01 0.00 0.10 0.01 0.00 0.00 0.01 0.01 
K 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 
CA 0.01 0.01 0.01 0.01 0.03 0.01 0.01 0.00 0.00 0.00 
TI 1.89 1.89 1.91 1.91 1.80 1.90 1.91 1.70 1.59 1.34 
MN 0.04 0.04 0.04 0.05 0.04 0.05 0.07 0.08 0.08 0.07 
FE 1.64 1.65 1.66 1.64 1.55 1.63 1.77 1.57 1.49 1.34 
FE 0.20 0.18 0.16 0.16 0.21 0.18 0.19 0.56 0.76 1.18 
NI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
TOTAL 4.01 4.00 4.01 4.00 3.99 4.00 3.99 4.01 4.02 4.05 
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Amphiboles: 
Dalle Soudee Formation 
DS4 
AL203 10.19 10.09 10.17 9.97 10.31 10.44 10.27 10.01 9.77 9.73 
K2O 1.00 1.00 1.01 1.02 0.90 0.85 0.88 0.96 1.04 1.07 
CR203 0.00 0.00 0.03 0.01 0.00 0.04 0.03 0.00 0.01 0.00 
NA20 2.59 2.59 2.63 2.59 2.70 2.75 2.68 2.62 2.62 2.65 
S102 39.34 39.32 40.01 39.59 39.68 39.80 39.66 39.59 39.56 39.60 
CAO 10.51 10.39 10.40 10.46 10.46 10.15 10.25 10.40 10.37 10.42 
MNO 0.67 0.65 0.62 0.58 0.60 0.60 0.63 0.56 0.67 0.66 
MGO 6.80 6.52 6.48 6.56 7.31 7.67 7.28 7.01 6.88 6.96 
T102 3.41 3.27 3.12 3.24 3.27 2.56 2.83 3.47 3.14 3.10 
FEO 22.27 22.72 22.50 22.67 21.82 21.54 22.08 21.87 22.30 22.58 
TOTAL 96.90 96.56 97.10 96.73 97.05 96.70 96.77 96.50 96.41 97.48 
fSi4+ 6.22 6.24 6.30 6.27 6.23 6.27 6.26 6.25 6.28 6.27 
fTi4+ 0.41 0.39 0.37 0.39 0.39 0.30 0.34 0.41 0.38 0.37 
fA13+ 1.90 1.89 1.89 1.86 1.91 1.94 1.91 1.86 1.83 1.82 
fCr3+ 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 
fFe2i- 2.94 3.01 2.96 3.00 2.86 2.84 2.91 2.89 2.96 2.99 
tMn2+ 0.09 0.09 0.08 0.08 0.08 0.08 0.08 0.08 0.09 0.09 
fMg2+ 1.60 1.54 1.52 1.55 1.71 1.80 1.71 1.65 1.63 1.64 
fCa2+ 1.78 1.77 1.76 1.77 1.76 1.71 1.73 1.76 1.76 1.77 
fNa+ 0.79 0.80 0.80 0.79 0.82 0.84 0.82 0.80 0.81 0.81 
fK+ 0.20 0.20 0.20 0.21 0.18 0.17 0.18 0.19 0.21 0.22 
TOTAL 15.93 15.93 15.89 15.92 15.93 15.96 15.95 15.90 15.94 15.97 
Glasses 
st Louis rormanon uqffV pumices  
BPI07 (000) BP140-2 BP96 BPI05 
S102 57.89 58.59 59.90 58.66 58.88 60.54 60.56 60.36 60.41 60.05 62.50 
AL203 18.32 14.99 15.13 15.01 15.01 14.84 15.01 14.83 14.95 15.44 15.20 
FEO 8.46 9.44 8.72 9.12 8.85 8.76 9.06 8.70 8.78 8.40 6.75 
MGO 0.57 0.67 0.55 0.53 0.53 0.46 0.46 0.47 0.31 0.33 0.26 
CAO 3.15 3.42 3.32 3.07 3.04 3.56 2.96 3.14 2.54 2.79 1.75 
NA20 4.47 4.98 8.38 5.62 7.56 8.09 7.51 6.65 7.31 7.20 7.98 
K2O 4.95 4.95 1.51 4.29 2.79 1.48 2.26 3.33 3.67 3.19 3.27 
T102 0.92 1.01 0.91 0.90 0.90 0.85 0.88 0.87 0.73 0.73 0.72 
MNO 0.34 0.37 0.33 0.39 0.32 0.31 0.43 0.35 0.37 0.34 0.27 
TOTAL 99.09 98.43 98.77 97.57 97.92 99.78 99.51 100.211 99.09 98.49 98.73 
Glasses 
Salazie Formation proximal facies 
- B P199 green fianime BP201 black fiamme 
S102 62.52 62.98 63.11 63.32 63.79 62.21 62.40 62.76 63.00 
AL203 14.11 13.80 13.92 13.40 13.97 14.22 13.94 14.05 14.18 
FEO 6.01 6.26 6.28 6.21 6.07 6.49 6.35 6.47 6.45 
MGO 0.04 0.02 0.02 0.02 0.02 0.08 0.05 0.08 0.07 
CAO 1.10 1.16 1.20 1.19 1.18 1.44 1.39 1.33 1.20 
NA20 7.30 5.53 6.68 5.11 5.16 6.57 6.69 6.53 5.70 
1(20 4.86 5.40 4.91 5.37 6.05 4.79 4.59 4.65 5.01 
1102 0.41 0.43 0.43 0.41 0.41 0.49 0.44 0.48 0.49 
MNO 0.21 0.25 0.27 0.26 0.24 0.27 0.28 0.29 0.32 
TOTAL 96.54 95.83 96.80 95.28 96.901 96.56 96.13 96.64 96.42 
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Glasses 
Salazie Formation distal facies 
BP58c BP77b 
S102 63.97 63.07 62.81 63.18 62.87 62.94 63.70 61.64 61.31 63.019 62.427 
AL203 15.95 14.39 14.39 14.37 14.32 15.69 15.70 15.01 14.78 15.197 14.919 
FEO 4.73 6.34 6.20 6.09 6.18 6.77 5.99 7.82 8.18 6.627 7.805 
MGO 0.05 0.02 0.03 0.02 0.03 0.49 0.24 0.36 0.41 0.26 0.239 
CAO 1.19 1.29 1.24 1.27 1.26 1.28 1.53 2.27 2.40 1.506 2.177 
NA20 7.68 5.47 6.87 7.49 7.12 7.96 7.50 7.03 8.15 7.015 7.549 
K20 5.78 7.14 6.24 6.00 6.20 3.43 4.08 3.94 2.91 4.51 3.604 
1102 0.39 0.48 0.50 0.36 0.46 0.87 0.66 0.77 0.79 0.696 0.692 
MNO 0.20 0.25 0.25 0.27 0.28 0.18 0.17 0.27 0.23 0.252 0.345 
TOTAL 99.94 98.43 98.53 99.04 98.72 99.61 99.57 99.09 99.16 99.082 99.757 
Glasses 
St Pierre Formation 
BPI72b interstices 
S102 58.06 59.07 58.68 59.14 58.64 59.23 58.27 58.70 58.58 
AL203 18.07 16.77 16.85 16.91 16.81 16.81 16.72 16.87 16.72 
FEO 6.06 6.24 6.15 6.18 6.43 6.24 6.58 6.36 6.33 
MGO 0.73 0.75 0.73 0.72 0.79 0.75 0.82 0.77 0.79 
CAO 3.09 3.18 3.29 3.18 3.25 3.17 3.21 3.10 3.19 
NA20 5.77 4.81 6.03 6.06 6.05 6.19 5.84 6.18 5.92 
K20 3.30 3.47 3.39 3.39 3.44 3.45 3.39 3.51 3.35 
1102 0.66 0.69 0.69 0.67 0.66 0.67 0.63 0.65 0.64 
MNO 0.20 0.21 0.26 0.21 0.25 0.23 0.23 0.22 0.25 
TOTAL 95.92 95.18 96.07 96.46 96.33 96.74 95.69 96.35 95.78 
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Table C.2: Intrusives and coarse-grained xenoliths. 
Olivines 
Mafic cumulate xenoliths. 
St Pierre 
	
Salazie 	St Gilles 
BP172b BP127a BPI1Oc BP62b BP134 
Si02 32.10 32.33 36.73 29.64 35.92 32.20 32.44 
FeO 49.75 49.15 28.80 63.27 31.05 49.79 48.98 
MgO 15.54 15.55 33.03 2.50 32.33 16.53 17.03 
A1203 0.01 0.02 0.04 0.02 0.04 0.02 0.02 
CaO 0.32 0.31 0.06 0.17 0.09 0.15 0.11 
MnO 1.57 1.54 0.76 2.93 0.52 1.00 0.99 
Ti02 0.04 0.05 0.03 0.04 0.05 0.05 0.04 
NiO - . 	 - - 0.06 0.01 0.03 0.04 
TOTAL 99.33 98.94 99.62 5.72 100.04 99.74 99.60 
Recalculated to 4 oxygens 
Si 0.98 0.99 1.00 1.00 0.98 0.98 0.98 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 1.27 1.26 0.65 1.78 0.71 1.26 1.24 
Mn 0.04 0.04 0.02 0.08 0.01 0.03 0.03 
Ni 0.00 0.00 0.00 0.00 
Mg 0.71 0.71 1.33 0.13 1.31 0.75 0.77 
Ca 0.01 0.01 0.00 0.01 0.00 0.01 0.00 
TOTAL 3.02 3.01 3.00 3.00 1 	3.02 3.02 3.02 
	
Mafic hypabyssal xenoliths 
	
Microsyenites 
St Gilles 	St Louis St Pierre Formation 
BPI30 BPI04 BPI 14a BPI 10b BP42ii 
MGO 19.42 21.15 20.43 21.25 5.90 5.94 6.11 6.15 5.54 23.24 
AL203 0.03 0.03 0.02 0.03 0.00 0.00 0.00 0.00 0.02 0.03 
S102 32.94 33.41 34.03 33.87 30.28 30.54 30.46 30.50 30.23 34.28 
CAD 0.55 0.46 0.47 0.48 0.13 0.15 0.15 0.10 0.11 0.47 
1102 0.08 0.08 0.07 0.08 0.07 0.05 0.06 0.03 0.05 0.07 
MNO 0.87 0.78 0.74 0.77 2.76 2.75 2.59 2.68 1.83 0.74 
FEO 45.59 44.21 45.35 43.97 61.00 61.34 61.03 61.10 62.12 41.93 
MO 0.03 0.02 0.01 0.03 0.05 0.03 0.03 0.05 0.04 0.04 
TOTAL 99.55 100.19 101.12 100.47 100.19 100.80 100.44 100.61 99.96 100.85 
Recalculated to 4 oxygens 
SI 0.98 0.98 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.98 
TI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
AL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FE 1.13 1.08 1.10 1.07 1.66 1.66 1.65 1.65 1.70 1.01 
MN 0.02 0.02 0.02 0.02 0.08 0.08 0.07 0.07 0.05 0.02 
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MG 0.86 0.92 0.89 0.92 0.29 0.29 0.30 0.30 0.27 0.99 
CA 0.02 0.02 0.02 0.02 0.01 0.01 
1
0.01 0.00 0.00 0.02 




St Louis Formation xenoliths 
Ultramafic cumulate xenoliths 
Dalle Soudee Formation 
13P98 BP95 BP4 
AL203 0.03 0.01 0.00 0.01 0.18 0.02 
S102 29.20 29.09 28.32 29.35 39.17 39.31 
CAO 0.72 0.68 0.74 0.72 0.09 0.09 
MNO 3.70 3.94 3.92 3.86 0.19 0.19 
MGO 1.36 0.92 0.37 0.35 46.60 46.90 
FEO 64.57 65.32 0.05 0.05 13.99 14.18 
MO 0.03 0.01 65.73 64.99 0.19 0.19 
T102 0.05 0.05 0.03 0.00 0.02 0.01 
TOTAL 99.70 100.02 99.24 99.40 100.48 100.96 
Recalculated to 4 oxygens 
Si 0.99 0.98 0.97 1.00 0.98 0.98 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 
Al 0.00 0.00 0.00 0.00 0.01 0.00 
Fe 1.82 1.85 1.89 1.85 0.00 0.00 
Mn 0.11 0.11 0.11 0.11 0.29 0.30 
Ni 0.00 0.00 0.00 0.00 0.00 0.00 
Mg 0.07 0.05 0.02 0.02 1.73 1.74 
Ca 0.03 0.03 0.03 0.03 0.00 0.00 
TOTAL 3.01 3.02 3.02 3.00 3.01 3.02 
Pyroxenes 
Cumulate gabbros and olivine gabbros 
St Pierre Formation 
	
St Gilles 	Salazie 
BPI14b BPI72b BPIIOd BPI27a BPI 15 BP58a2 BP62a 
NA20 0.36 0.44 044 0.40 0.38 0.38 0.38 0.37 0.48 0.58 0.43 
MGO 14.00 13.13 10.62 10.71 13.58 12.87 14.62 14.66 13.95 13.14 14.04 
AL203 2.40 4.30 1.63 1.67 4.00 3.52 2.66 2.65 1.94 1.32 3.43 
S102 51.09 48.31 49.99 49.89 48.87 49.70 50.92 51.03 51.13 51.97 49.48 
CAO 21.87 21.70 21.18 21.07 22.47 21.95 22.03 22.18 21.48 21.67 22.08 
T102 1.32 2.26 0.59 0.64 2.01 1.49 1.11 1.11 1.10 0.69 1.53 
MNO 0.26 0.20 0.54 0.56 0.16 0.24 0.19 0.19 0.33 0.40 0.20 
FEO 9.15 9.30 13.29 13.50 8.32 8.83 7.37 7.33 9.64 10.39 8.22 
TOTAL 100.47 99.66 98.28 98.44 99.82 99.05 99.31 99.54 100.05 100.17 99.44 
Recalculated to 6 oxygens: 
Si 1.91 1.83 1.94 1.94 1.84 1.88 1.91 1.91 1.92 1.95 1.86 
Ti 0.04 0.06 0.02 0.02 0.06 0.04 0.03 0.03 0.03 0.02 0.04 
Al 0.11 0.19 0.08 0.08 0.18 0.16 0.12 0.12 0.09 0.06 0.15 
Fe3+ 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.04 0.03 
Fe2+ 0.26 0.26 0.40 0.41 0.23 0.25 0.20 0.20 0.27 0.28 0.23 
Mn 0.01 0.01 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Mg 0.78 0.74 0.62 0.62 0.76 0.73 0.82 0.82 0.78 0.74 0.79 
Ca 0.87 0.88 0.88 0.87 0.91 0.89 0.88 0.89 0.86 0.87 0.89 
Na 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.04 0.03 
TOTAL 4.02 4.03 4.02 4.02 4.03 4.01 0.00 0.00 0.00 0.00 1 	0.00 
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Pyroxenes 
Mafic hypabyssal xenoliths 
St Pierre D.S. Sal. St Gilles St Louis 
BP42ii BPI 14a BPI3 BP59 BPI30 89130 BPI04 
NA20 0.47 0.45 0.42 0.46 0.34 0.43 0.46 0.45 0.46 0.41 0.45 
MGO 12.87 8.52 9.63 11.80 13.74 14.14 12.52 12.35 11.54 12.79 12.87 
AL203 3.86 0.69 0.73 1.41 2.04 1.63 4.71 3.16 2.16 2.75 2.79 
S102 48.53 50.74 51.15 51.34 50.62 50.82 47.00 48.19 48.96 49.82 49.84 
CAO 21.24 21.30 21.35 20.82 21.04 20.46 21.71 21.24 21.14 21.27 21.24 
11102 2.60 0.34 0.36 0.70 0.91 0.82 2.63 2.23 1.77 1.98 1.98 
MNO 0.20 0.75 0.67 0.60 0.31 0.42 0.21 0.24 0.29 0.21 0.21 
FEO 10.13 17.26 15.86 12.94 9.74 10.21 9.71 10.54 12.19 10.63 10.67 
TOTAL 99.96 100.04 100.16 100.06 98.75 98.93 99.00 98.43 98.56 99.87 100.05 
Recalculated to 6 oxygens: 
Si 1.83 1.97 1.97 1.95 1.92 1.93 1.80 1.85 1.89 1.88 1.88 
Ti 0.07 0.01 0.01 0.02 0.03 0.02 0.08 0.07 0.05 0.06 0.06 
Al 0.17 0.03 0.03 0.06 0.09 0.07 0.21 0.14 0.10 0.12 0.12 
Fe3+ 0.04 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.03 0.03 
Fe2+ 0.29 0.53 0.48 0.38 0.29 0.29 0.28 0.31 0.36 0.31 0.30 
Mn 0.01 0.03 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Mg 0.73 0.49 0.55 0.67 0.78 0.80 0.71 0.71 0.67 0.72 0.72 
Ca 0.86 0.89 0.88 0.85 0.86 0.83 0.89 0.88 0.88 0.86 0.86 
Na 0.04 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.04 0.03 0.03 
TOTAL 4.03 1 	4.02 4.02 4.02 4.02 0.00 0.00 4.03 4.02 4.02 4.02 
D.S = Dalle Soudee Formation 
Sal. = Salazie Formation 
Zoned pyroxenes 
Microsyenite xenoliths 




BP95 BP98 BPI1Oc 
Rim: Core: Rim: Core: Rim Core 
NA20 8.17 10.26 0.72 0.63 8.21 8.47 0.60 0.47 0.57 0.68 
MGO 0.02 0.03 0.63 0.92 0.21 0.11 2.38 4.97 2.57 3.47 
AL203 0.17 0.25 0.71 0.45 0.18 0.19 0.76 1.25 0.17 0.19 
S102 50.02 50.97 46.80 47.44 50.01 50.08 47.57 47.92 48.62 48.69 
CAO 8.99 5.37 19.79 20.47 9.02 8.49 19.97 20.70 19.95 19.09 
T102 0.95 1.46 0.89 0.47 0.54 0.66 0.74 0.84 0.09 0.15 
MNO 0.64 0.48 1.45 1.24 0.89 0.93 1.31 1.04 1.06 1.06 
FEO 28.31 28.49 28.92 27.84 28.51 28.84 26.38 22.37 26.67 25.91 
TOTAL 97.32 97.33 99.96 99.47 97.67 97.77 99.72 99.55 99.72 99.27 
Recalculated to 6 oxygens: 
Si 2.09 2.12 1.94 1.97 2.09 2.09 1.95 1.93 1.99 1.99 
Ti 0.03 0.05 0.03 0.02 0.02 0.02 0.02 0.03 0.00 0.01 
Al 0.01 0.01 0.04 0.02 0.01 0.01 0.04 0.06 0.01 0.01 
Fe3+ 0.66 0.83 0.06 0.05 0.67 0.69 0.05 0.04 0.05 0.05 
Fe2+ 0.33 0.16 0.95 0.92 0.33 0.32 0.86 0.72 0.87 0.83 
Mn 0.02 0.02 0.05 0.04 0.03 0.03 0.05 0.04 0.04 0.04 
Mg 0.00 0.00 0.04 0.06 0.01 0.01 0.15 0.30 0.16 0.21 
Ca 0.40 0.24 0.88 0.91 0.40 0.38 0.88 0.89 0.88 0.84 
Na 0.66 0.83 0.06 0.05 0.67 0.69 0.05 0.04 0.05 0.05 




Mafic cumulate xenoliths 
St Pierre 
BPIIOd BPI 14b BPI72b 
NA20 1.80 2.09 2.57 2.86 2.44 4.54 3.04 3.73 6.23 6.22 6.31 
AL203 33.10 32.55 31.69 31.17 31.79 28.63 30.30 29.85 25.60 26.32 26.14 
S102 46.69 47.38 48.29 48.91 48.22 53.07 49.28 51.06 56.86 56.52 56.74 
K20 0.07 0.08 0.08 0.09 0.08 0.19 0.19 0.13 0.40 0.38 0.38 
CAO 17.54 17.08 16.22 15.45 16.35 12.37 14.85 14.07 8.68 8.98 8.90 
FEO 0.30 0.27 0.54 0.48 0.59 0.63 0.58 0.61 0.27 0.23 0.27 
TOTAL 99.50 99.47 99.39 98.96 99.47 99.42 98.22 99.45 98.04 98.65 98.74 
Recalculated to 32 oxygens 
Si 8.65 8.77 8.93 9.06 8.91 9.70 9.19 9.38 10.41 10.29 10.32 
Al 7.23 7.10 6.91 6.81 6.93 6.17 6.66 6.46 5.52 5.65 5.61 
Fe 0.05 0.04 0.08 0.08 0.09 0.10 0.09 0.09 0.04 0.04 0.04 
Ca 3.48 3.39 3.22 3.07 3.24 2.42 2.97 2.77 1.70 1.75 1.74 
Na 0.65 0.75 0.92 1.03 0.87 1.61 1.10 1.33 0.00 0.00 0.00 
K 0.02 0.02 0.02 0.02 0.02 0.04 0.04 0.03 2.21 2.20 2.23 
TOTAL 20.07 20.061 20.08 20.06 20.06 20.04 20.05 20.061 19.88 19.92 19.93 
Feldspars 
Mafic cumulate xenoliths 
St Pierre Dalle Soudee Salazie 
BPI27a BPI 15 BP58a 
Na2O 2.55 3.73 6.42 1.70 1.81 1.85 1.88 2.06 2.04 7.40 5.13 
A1203 32.14 30.61 25.82 33.17 33.21 33.29 33.20 33.03 32.91 23.82 27.76 
Si02 48.09 50.80 58.93 46.16 46.79 46.95 47.04 47.32 47.20 60.17 54.22 
1(20 0.14 0.24 0.75 0.07 0.08 0.08 0.10 0.10 0.09 0.74 0.30 
CaO 15.81 13.78 7.93 17.19 17.11 17.07 17.05 16.77 16.72 6.97 11.28 
FeO 0.31 0.29 0.07 0.32 0.38 0.38 0.36 0.37 0.37 0.58 0.49 
TOTAL 99.04 99.45 99.92 98.61 99.38 99.62 99.63 99.66 99.32 99.67 99.18 
Recalculated to 32 oxygens 
fSi4+ 8.90 9.31 10.55 8.62 8.66 8.67 8.68 8.73 8.73 10.80 9.89 
fAl3+ 7.01 6.62 5.45 7.30 7.25 7.24 7.22 7.18 7.17 5.04 5.97 
fFe2+ 0.05 0.04 0.01 0.05 0.06 0.06 0.06 0.06 0.06 0.09 0.08 
fCa2+ 3.14 2.71 1.52 3.44 3.39 3.38 3.37 3.31 3.31 1.34 2.21 
f'Na+ 0.92 1.33 2.23 0.62 0.65 0.66 0.67 0.74 0.73 2.57 1.81 
fK+ 0.03 0.06 0.17 0.02 0.02 0.02 0.02 0.02 0.02 0.17 0.07 
TOTAL 20.05 20.06 19.92 20.04 20.02 20.021 20.03 20.04 20.031 20.01 20.02 
298 
Zoned Feldspars 
Mafic cumulate xenoliths 
Salazie Formation 
BP6O 
Oscillatory zoned feldspar (rim-core) 
NA20 4.61 7.19 1.41 8.86 1.85 2.55 1.33 6.59 4.55 3.61 1.29 
AL203 28.92 25.84 33.12 24.93 32.94 31.68 33.56 26.37 28.92 30.13 33.50 
S102 52.51 57.67 45.39 61.92 46.05 47.83 45.23 56.65 52.40 50.35 45.27 
1(20 0.25 0.19 0.06 0.11 0.07 0.11 0.06 0.43 0.22 0.17 0.04 
CAO 12.32 8.87 17.83 4.86 17.33 16.01 18.28 9.02 12.56 14.07 18.20 
FEO 0.62 0.63 0.62 0.11 0.48 0.48 0.58 0.34 0.49 0.66 0.55 
TOTAL 99.51 100.61 98.60 100.87 98.92 98.82 99.19 99.60 99.43 99.21 99.11 
Recalculated to 32 oxygens 
fSi4+ 9.61 10.34 8.52 10.89 8.60 8.90 8.45 10.26 9.60 9.29 8.46 
fI'i4+ 0.02 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.02 0.02 0.01 
fAI3+ 6.24 5.46 7.32 5.17 7.25 6.95 7.39 5.63 6.24 6.55 7.38 
fFe2+ 0.10 0.09 0.10 0.02 0.08 0.08 0.09 0.05 0.07 0.10 0.09 
fCa2+ 2.42 1.70 3.58 0.92 3.47 3.19 3.66 1.75 2.47 2.78 3.64 
Thla+ 1.63 2.50 0.51 3.02 0.67 0.92 0.48 2.31 1.62 1.29 0.47 
fK+ 0.06 0.04 0.01 0.03 0.02 0.03 0.01 0.10 0.05 0.04 0.01 
TOTAL 99.51 100.61 98.60 100.87 98.92 98.82 99.19 99.60 99.43 99.21 99.11 
Feldspars 
Mafic cumulate xenoliths 
Salazie 	 St Pierre 
BP62A BP62B BPIOO BP42ii 
NA20 1.81 2.29 1.81 2.65 5.71 3.02 1.30 2.44 2.14 4.87 5.24 
AL203 33.21 32.48 32.95 31.72 26.66 30.58 33.05 32.09 32.25 27.94 27.86 
S102 46.25 47.41 46.34 48.17 55.92 49.18 45.15 47.48 46.57 53.75 54.17 
1(20 0.07 0.11 0.07 0.13 0.18 0.11 0.06 0.13 0.12 0.28 0.30 
CAO 17.49 16.61 17.00 15.50 9.71 14.98 17.97 16.17 16.78 11.98 11.63 
FEO 0.43 0.47 0.41 0.45 0.41 0.63 0.60 0.32 0.32 0.80 0.67 
TOTAL 99.37 99.47 98.58 98.61 98.59 98.50 98.13 98.63 98.17 99.62 99.87 
Si 8.59 8.78 8.65 8.95 10.20 9.14 8.50 8.85 8.74 9.79 9.84 
Al 7.27 7.09 7.25 6.94 5.73 6.70 7.34 7.04 7.13 6.00 5.97 
Fe 0.07 0.07 0.06 0.07 0.06 0.10 0.09 0.05 0.05 0.00 0.00 
Ca 3.48 3.29 3.40 3.09 1.90 2.98 3.63 3.23 3.37 2.34 2.26 
Na 0.00 0.00 0.66 0.95 2.02 1.09 0.47 0.88 0.78 1.72 1.84 
K 0.65 0.82 0.02 0.03 0.04 0.03 0.01 0.03 0.03 0.06 0.07 
TOTAL 20.06 20.051 20.03 20.03 1 	19.95 20.04 20.05 20.08 20.091 19.92 19.98 
299 
Feldspars 
Mafic hypabyssal xenoliths 	 Microsyenite xenoliths 
St Louis Formation 
St Pierre 
BPIO4 BP89 
Zoned feldspar (core-rim) 
NA20 4.21 5.23 5.25 4.13 3.87 4.99 5.77 6.26 8.38 9.45 9.96 
AL203 29.50 28.02 27.95 29.54 30.16 28.29 25.96 26.15 20.19 20.47 20.15 
K20 0.30 0.42 0.44 0.29 0.26 0.38 56.31 56.95 65.13 65.62 66.20 
S102 52.38 54.57 54.61 52.40 51.44 54.02 0.54 0.40 3.70 1.19 1.18 
CAO 12.85 11.23 11.24 12.99 13.48 11.63 8.82 8.72 1.09 1.86 1.35 
FEO 0.50 0.49 0.55 0.63 0.47 0.60 0.44 0.25 0.17 0.20 0.09 
TOTAL 99.97 100.20 100.29 100.22 99.90 100.15 97.83 98.73 98.65 98.80 98.93 
fSi4+ 9.54 9.88 9.88 9.53 9.39 9.80 46.00 51.00 57.00 58.00 59.00 
fAI3+ 6.33 5.98 5.96 6.33 6.49 6.05 10.33 10.35 11.72 11.70 11.77 
fFe2+ 0.08 0.07 0.08 0.10 0.07 0.09 5.61 5.60 4.28 4.30 4.22 
fCa2+ 2.51 2.18 2.18 2.53 2.64 2.26 0.07 0.04 0.03 0.03 0.01 
fNa+ 1.49 1.84 1.84 1.46 1.37 1.76 1.73 1.70 0.21 0.36 0.26 
fK+ 0.07 0.10 0.10 0.07 0.06 0.09 0.00 0.00 0.00 0.00 0.00 
TOTAL 20.01 20.04 20.05 20.01 20.02 20.041 2.05 2.21 2.92 3.27 3.44 
Feldspars 
Microsyenite xenoliths 
St Pierre Formation 
	 St Louis Formation 
BPI27b Zoned phenocryst BP1I0b BP98 
core - rim Matrix  
NA20 6.63 7.05 7.65 9.26 7.97 8.57 8.02 7.52 3.16 9.69 10.18 
AL203 26.37 25.57 23.92 21.04 20.20 24.08 24.75 18.68 17.85 20.52 21.09 
S102 56.82 57.87 60.51 64.75 64.80 61.08 60.16 5.94 12.13 2.02 1.01 
K2O 0.43 0.54 0.84 2.64 3.75 0.48 0.43 66.32 65.20 65.34 64.68 
CAO 8.83 7.93 5.90 2.46 1.73 5.89 6.65 0.15 0.00 1.61 2.24 
FEO 0.23 0.23 0.22 0.25 0.31 0.26 0.30 0.27 0.40 0.25 0.23 
TOTAL 99.30 99.18 99.05 100.40 98.76 100.37 100.30 98.88 98.74 99.43 99.42 
Recalculated to 32 oxygens 
fSi4+ 10.29 10.47 10.91 11.50 11.68 10.87 10.72 11.98 12.05 11.64 11.51 
fA13+ 5.63 5.45 5.06 4.40 4.29 5.05 5.20 3.98 3.89 4.31 4.42 
tFe2+ 0.04 0.04 0.04 0.04 0.05 0.04 0.04 0.04 0.06 0.04 0.04 
fCa2+ 1.71 1.54 1.11 0.47 0.33 1.12 1.27 0.03 0.00 0.31 0.43 
fNa+ 2.33 2.47 2.68 3.19 2.79 2.96 2.77 
fK+ 0.10 0.12 0.20 0.60 0.861 0.11 0.10 2.63 1.13 3.35 3.51 
TOTAL 20.10 20.09 19.99 20.19 20.001 20.14 20.111 18.65 17.13 19.64 19.90 
300 
Feldspars 
Felsic cumulates 	 Dumte xenoliths 
St Pierre 	 Dalle Soudee 
BPI lOc 
NA20 9.03 8.62 9.19 9.09 9.23 7.03 6.67 7.10 
AL203 23.04 23.75 20.91 20.64 20.98 25.10 24.86 24.91 
S102 62.48 61.40 64.80 65.66 65.22 58.89 59.05 59.20 
1(20 0.68 0.56 2.57 3.13 2.56 0.94 0.84 0.99 
CAO 4.48 5.30 2.03 1.68 2.04 7.51 7.30 7.33 
FEO 0.17 0.12 0.17 0.10 0.17 0.42 0.40 0.40 
TOTAL 99.88 99.75 99.67 100.30 100.21 100.05 99.26 100.08 
Recalculated to 32 oxygens: 
NA 3.12 2.98 3.18 3.12 3.17 10.58 10.65 10.62 
AL 4.83 4.99 4.39 4.31 4.38 5.31 5.29 5.27 
SI 11.11 10.95 11.55 11.64 11.56 0.06 0.06 0.06 
K 0.15 0.13 0.58 0.71 0.58 1.45 1.41 1.41 
CA 0.85 1.01 0.39 0.32 0.39 2.45 2.33 2.47 
FE 0.02 0.02 0.02 0.02 0.02 0.21 0.19 0.23 
TOTAL 20.08 20.08 20.12 20.12 20.11 20.06 19.93 20.06 
Amphiboles 
Mafic cumulates Cumulate syi 
BP62b BPI 10c 
NA20 0.02 0.01 2.53 1.29 0.45 2.83 2.77 
MGO 31.13 0.06 12.41 7.77 13.47 4.83 4.79 
AL203 0.03 1.66 11.35 9.02 3.60 4.60 4.56 
S102 35.49 35.15 40.66 44.01 48.98 43.97 44.52 
1(20 0.00 0.00 1.06 0.26 0.01 0.92 0.95 
CAO 0.13 32.24 11.58 12.17 21.68 9.25 9.04 
T102 0.05 0.08 4.91 0.70 1.62 1.55 1.47 
MNO 0.55 0.41 0.14 0.17 0.19 0.71 0.68 
FEO 31.59 27.10 12.07 21.67 8.03 28.99 28.43 
TOTAL 99.07 96.76 96.85 97.10 98.08 97.65 97.21 
Recalculated to 23 oxygens 
Na 0.01 0.00 0.74 0.39 0.13 0.88 0.86 
Mg 7.38 0.02 2.78 1.78 2.93 1.15 1.14 
Al 0.01 0.34 2.01 1.64 0.62 0.87 0.86 
Si 5.65 6.17 6.11 6.78 7.16 7.04 7.12 
K 0.00 0.00 0.20 0.05 0.00 0.19 0.20 
Ca 0.02 6.06 1.86 2.01 3.39 1.59 1.55 
Ti 0.01 0.01 0.55 0.08 0.18 0.19 0.18 
Mn 0.08 0.06 0.02 0.02 0.02 0.10 0.09 
Fe 4.20 3.98 1.52 2.79 0.98 3.88 3.80 




Mafic 	 Hypabyssal xenoliths: 
Cumulate 
xenoliths: 
1. Mafic 	2. Microsyenites 
xenoliths 
St Pierre 	St Pierre 	St Pierre 	 St Louis 
BPI72b BP42ii I BPI27a BP127b 8P89 BP95 
MGO 1.60 1.55 2.06 2.06 1.13 0.61 0.15 0.27 0.00 0.00 
AL203 2.36 2.32 1.60 1.63 4.67 0.91 0.46 0.53 0.09 010 
S102 0.08 0.08 0.07 0.07 0.14 0.09 0.14 1.32 0.08 0.10 
1102 25.26 25.22 26.60 26.59 8.57 16.04 8.93 8.59 18.61 18.71 
MNO 0.93 0.94 0.69 0.61 0.41 1.29 0.85 0.83 1.12 1.57 
FEO 51.59 51.51 67.42 67.60 55.12 51.12 55.75 54.91 50.90 50.17 
Fe203 18.43 18.27 0.03 0.02 27.56 25.56 27.87 27.45 25.45 25.09 
TOTAL 100.30 99.95 98.73 98.69 96.47 95.69 94.00 93.64 96.25 95.73 
MGO 0.70 0.68 0.90 0.90 0.50 0.28 0.17 0.20 0.00 0.00 
AL203 0.81 0.80 0.55 0.56 1.63 0.33 0.04 0.42 0.03 0.04 
S102 0.02 0.02 0.02 0.02 0.04 0.03 0.01 0.01 0.02 0.03 
1102 5.55 5.57 5.85 5.86 1.91 3.71 2.13 2.03 6.67 6.62 
MNO 0.23 0.23 0.17 0.15 0.10 0.34 0.23 0.22 0.02 0.03 
FEO 12.61 12.64 12.85 13.03 11.32 12.34 12.28 12.16 12.95 12.80 
Fe203 4.05 4.03 3.62 3.52 9.13 7.37 9.86 9.48 4.30 4.34 
TOTAL 23.99 23.99 24.09 24.08 24.68 24.41 124.82 24.75 24.33 24.32 
Ilmenites 
Microsyenite xenoliths 
St Louis 	St Pierre 
BP98 BP89 
MGO 0.03 0.01 0.12 0.12 0.10 
AL203 0.01 0.02 0.03 0.03 0.04 
S102 0.04 0.06 0.03 0.04 0.04 
1102 50.39 50.55 49.97 49.85 49.98 
MNO 2.27 2.31 1.82 1.84 1.82 
FEO 45.78 46.01 46.67 46.61 46.64 
TOTAL 98.52 98.97 98.63 98.49 98.62 
MGO 0.00 0.00 0.01 0.01 0.01 
AL203 0.00 0.00 0.00 0.00 0.00 
S102 0.00 0.00 0.00 0.00 0.00 
1102 1.94 1.93 1.91 1.91 1.92 
MNO 0.10 0.10 0.08 0.08 0.08 
FEO 1.83 1.82 1.81 1.82 1.83 
Fe203 0.12 0.13 0.1' 0.17 0.16 
TOTAL 3.99 3.99 4.00 4.00 4.00 
302 
Amphiboles 
Mafic cumulates 	 Cumulate syenites 
BP62b BPI 10c 
NA20 0.02 0.01 2.53 1.29 0.45 2.83 2.77 
MGO 31.13 0.06 12.41 7.77 13.47 4.83 4.79 
AL203 0.03 1.66 11.35 9.02 3.60 4.60 4.56 
S102 35.49 35.15 40.66 44.01 48.98 43.97 44.52 
K20 0.00 0.00 1.06 0.26 0.01 0.92 0.95 
CAO 0.13 32.24 11.58 12.17 21.68 9.25 9.04 
T102 0.05 0.08 4.91 0.70 1.62 1.55 1.47 
MNO 0.55 0.41 0.14 0.17 0.19 0.71 0.68 
FEO 31.59 27.10 12.07 21.67 8.03 28.99 28.43 
TOTAL 99.07 96.76 96.85 97.10 98.08 97.65 97.21 
Recalculated to 23 oxygens 
Na 0.01 0.00 0.74 0.39 0.13 0.88 0.86 
Mg 7.38 0.02 2.78 1.78 2.93 1.15 1.14 
Al 0.01 0.34 2.01 1.64 0.62 0.87 0.86 
Si 5.65 6.17 6.11 6.78 7.16 7.04 7.12 
K 0.00 0.00 0.20 0.05 0.00 0.19 0.20 
Ca 0.02 6.06 1.86 2.01 3.39 1.59 1.55 
Ti 0.01 0.01 0.55 0.08 0.18 0.19 0.18 
Mn 0.08 0.06 0.02 0.02 0.02 0.10 0.09 
Fe 4.20 3.98 1.52 2.79 0.98 3.88 3.80 
TOTAL 17.34 16.64 15.79 15.54 15.41 15.87 15.80 
Amphiboles 
Mafic hypabyssal xenoliths 
BPI 14a p89 BP42 
NA20 2.47 2.59 2.26 2.29 2.24 2.43 2.54 2.35 
MGO 6.89 7.10 6.20 6.08 7.94 8.03 8.44 7.59 
AL203 6.55 6.50 5.64 5.75 5.24 5.42 5.49 5.81 
S102 43.11 43.55 43.02 42.96 44.64 44.55 44.45 43.93 
K20 0.96 0.96 1.01 1.03 0.69 0.72 0.71 0.76 
CAO 10.17 10.22 10.02 10.00 9.86 10.00 9.89 9.95 
T102 1.87 1.87 1.67 1.74 1.53 1.63 1.57 1.55 
MNO 0.65 0.62 0.70 0.72 0.62 0.62 0.59 0.63 
FEO 24.99 24.36 25.84 26.12 24.91 24.36 24.01 25.28 
TOTAL 97.81 97.76 96.37 96.70 97.68 97.76 97.70 97.87 
Recalculated to 23 oxygens 
NA20 0.75 0.78 1.95 1.91 0.68 0.73 0.77 0.71 
MGO 1.61 1.66 0.55 0.55 1.85 1.87 1.96 1.77 
AL203 1.21 1.20 1.08 1.10 0.96 1.00 1.01 1.07 
S102 6.77 6.82 6.99 6.97 6.97 6.95 6.92 6.88 
1(20 0.19 0.19 0.21 0.21 0.14 0.14 0.14 0.15 
CAO 1.71 1.71 1.75 1.74 1.65 1.67 1.65 1.67 
T102 0.22 0.22 0.20 0.21 0.18 0.19 0.18 0.18 
MNO 0.09 0.08 0.10 0.10 0.08 0.08 0.08 0.08 
FEO 3.28 3.19 3.51 3.54 3.25 3.18 3.13 3.31 





NA20 5.51 5.83 7.07 7.74 8.01 7.90 7.87 7.26 
MGO 0.85 0.47 0.53 0.11 0.11 0.13 0.16 0.13 
AL203 1.82 1.40 0.75 0.32 0.29 0.31 0.29 0.70 
S102 45.47 46.03 47.95 49.42 49.41 49.34 49.41 48.44 
1(20 1.37 1.25 1.13 1.53 1.52 1.49 1.51 1.27 
CAO 5.65 4.98 3.25 2.72 2.41 2.55 2.48 3.87 
T102 2.79 2.10 0.85 1.79 1.84 1.95 1.90 1.03 
MNO 0.98 1.27 1.63 1.32 1.26 1.25 1.29 1.33 
FEO 33.45 34.08 34.91 34.27 34.16 34.42 34.23 34.97 
TOTAL 99.29 98.69 98.09 99.23 99.02 99.36 99.16 99.03 
Recalculated to 23 oxygens 
Na 1.75 1.86 2.24 2.41 2.49 2.45 2.45 2.27 
Mg 0.21 0.12 0.13 0.03 0.03 0.03 0.04 0.03 
Al 0.35 0.27 0.14 0.06 0.06 0.06 0.05 0.13 
Si 7.43 7.57 7.82 7.92 7.93 7.90 7.92 7.83 
K 0.29 0.26 0.24 0.31 0.31 0.30 0.31 0.26 
Ca 0.99 0.88 0.57 0.47 0.41 0.44 0.43 0.67 
Ti 0.34 0.26 0.10 0.22 0.22 0.24 0.23 0.13 
Mn 0.14 0.18 0.23 0.18 0.17 0.17 0.18 0.18 
Fe 4.57 4.69 4.76 4.60 4.59 4.61 4.59 4.73 
Total 16.07 16.09 16.23 16.19 16.22 16.21 16.19 16.24 
0 
0 a' 
APPENDIX D: ION MICROPROBE ANALYSES 
Analyses are quoted in parts per million. Errors (err) are calculated from count statistics. 
Feldspars 
	 Pyroxene 
Salazie St Louis 
	 Salazie 	St Pierre 
	 St Louis 
Sa14 GBQ GGQ Sa13 GGQ 
Xenocrysts Phenocrysts 
BP78 BP140-5 BP190 BP66 BP172 BP190 
Code: 1 err 2 err 3 err 1 err 2 err 1 err 1 err 1 err 2 err 1 err 
Be 1.8 
B 4.1 0.1 4.4 0.1 3.7 0.2 1.1 0.1 0.0 1.5 0.1 6.6 0.1 4.7 0.1 5.8 0.1 0.0 
Rb 84.5 0.5 124.0 0.9 130.0 1.4 39.7 0.4 50.2 0.4 19.4 0.3 39.9 0.4 0.0 0.0 0.0 0.0 
Sr 743.0 0.7 690.0 1.4 683.0 17.8 15.4 0.2 2.7 0.1 35.8 0.2 8.2 0.1 1570.0 1.6 1630.0 1.6 2.8 0.1 
Y 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.1 0.6 0.0 136.0 0.4 
Zr 3.6 0.1 61.5 0.5 18.1 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 534.0 ii 
Nb 0.0 2.9 0.1 0.7 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Ba 696.0 2.1 681.0 2.9 687.0 4.8 307.0 1.8 55.1 0.6 2520.0 5.0 290.0 1.5 317.0 1.6 325.0 2.0 0.0 
La 7.8 0.1 7.4 0.2 6.5 0.2 0.9 0.0 1.2 0.0 1.2 0.1 0.0 7.7 0.1 8.0 0.2 99.8 0.5 
Ce 9.0 0.1 9.1 0.2 6.5 0.3 0.8 0.1 0.0 0.0 0.0 10.6 0.2 10.9 0.2 352.0 1.1 
Nd 1.7 0.1 1.4 0.2 1.2 0.2 5.1 0.3 0.0 0.0 0.0 3.0 0.2 3.2 0.3 260.0 2.3 
Sm 0.0 0.0 0.0 2.6 0.2 0.0 0.4 0.1 0.0 0.0 0.2 0.0 58.5 0.6 
Pb 12.1 1.7 7.5 1.9 3.8 0.3 3.4 0.6 4.7 0.8 2.9 0.5 0.9 0.2 15.4 1.8 12.3 1.5 




Appendix E: Whole rock major- and trace-element analyses 
Sample 
Dalle Soudee Formation 
BP7(2) 	0P8 	BP14 BP15 BP16 BP18 BP19 BP39 BP36 
St Pierre Formation 
BP" 	BP124 	BP125 BP126 BP141-2 BP141.3 BP141-4 
S102 52.23 52.6 47.4 52.9 56.79 53.9 50.5 50.5 44.2 60.3 59.18 58.28 58.96 58.94 59.3 57.88 
A1203 15.87 15.79 17.93 16.73 16.8 16.4 16.55 15.99 19.42 17.31 16.95 16.56 16.61 16.66 16.63 16.32 
Fe203 12.39 12.1 13.91 12.19 11.26 11.85 12.89 10.87 15 7.1 6.94 7.03 6.83 7 6.96 7.08 
MgO 2.6 2.65 2.74 2.11 1.07 1.7 2.68 3.51 2.93 0.92 0.98 1.34 1.14 1.08 1.04 1.2 
CaO 5.89 5.94 4.31 4.21 3.51 4.18 5.18 7.65 3.75 3.19 3.1 3.53 3.35 3.26 3.2 3.62 
Na20 5.27 5.33 3.82 5.08 6.25 5.42 4.59 4.78 2.8 5.88 5.56 5.36 5.36 5.77 5.14 5.15 
K20 1.9 1.894 1.915 2.232 2.472 2.304 1.911 1.675 2.057 3.213 2.944 2.715 2.992 3.134 2.763 2.846 
Ti02 2.104 2.05 2.274 1.679 1.178 1.605 2.122 2.994 2.429 0.778 0.751 0.883 0.799 0.781 0.777 0.857 
MnO 0.309 0.313 0.361 0.35 0.38 0.342 0.334 0.236 0.387 0.194 0.17 0.17 0.184 0.182 0.164. 0.168 
P205 0.876 0.849 0.899 0.559 0.332 0.51 0.914 1.246 0.933 0.196 0.206 0.224 0.209 0.221 0.2 0.209 
LOl 0.01 -0.4 4.26 1.35 0.13 0.82 1.17 -0.2 5.354 1.57 2.85 2.94 2.78 2.41 3.6 4.26 
Total 99.45 99.12 99.82 99.39 100.2 99.03 98.84 99.25 99.26 100.7 99.64 99.03 99.21 99.43 99.77 99.6 
Sc 15 16.7 19.4 16.1 19.7 15.7 15.2 12.5 21.5 6 5.4 8.9 5.5 6.2 5.1 7.1 
Ba 547.9 594.3 387.5 602.8 952.9 651 465.2 455.2 451.1 628.6 558.7 589.6 590 572.2 550.7 532.1 
V 13 20.2 11.7 2.2 -3.1 -3.3 14.9 147 17.8 16.3 13.9 29.6 17.5 14.9 15.3 25.6 
La 59.7 58.3 31.9 73.3 38.3 93.8 53.1 43.2 53.3 69.6 60.7 60.2 59.7 63 52.6 56.1 
Ce 122.9 125.5 93.2 124.6 156.3 134.3 127.7 97.8 109.2 140.1 132.4 128.4 136.4 135.5 120.2 134.5 
Nd 76.4 74 46.6 74.5 66.4 74.2 77.8 65.2 74.8 64.3 59.4 59.4 63.4 63.1 55.8 63.8 
Cr 14.6 15.9 8 25.7 11.7 8 12.9 9.1 16.3 0.2 2.5 3.6 3.8 1.8 3.4 4.4 
Ni 13.8 16.6 8.6 24.9 11.7 16.5 15.6 4.5 37.7 3.7 6.5 5.8 4.2 6.2 5.1 6.5 
Cu 21.1 20.7 17.7 19 38.6 55.8 24.4 15.3 18.3 18.3 15.3 12.9 20.3 9.2 13.8 27.6 
Zn 174.9 171.7 197.7 180.9 163.4 176.3 173.6 127.8 216.6 151.5 130.8 129.1 136.5 136.7 126.1 126.2 
Pb 3.3 3.8 5.7 6.2 4.2 2.8 2.4 4.6 5.7 7.3 10.2 13 8.5 14.6 8.8 17.4 
Th 7.6 6.8 7.9 7.3 7.8 9.3 6.8 6.1 7.7 8.7 8 8.8 8 8.2 8.2 6.2 
Rb 45.5 44.9 45.3 45.1 45 52.7 43.2 36.8 47.4 82.9 75.3 68.1 76.7 79.8 71.1 71.5 
Sr 627.8 661.9 346.2 392.2 337.6 465.4 511.3 733.9 164.3 361.8 353.7 394 368 360.8 367 340.2 
Y 59.7 58.3 36.7 68 61.3 50.9 64.8 48.9 54.6 61.6 54.9 52.4 56.3 58.5 52.4 47.5 
Zr 369.2 367 426.2 453.4 510.5 438.9 387.1 326.7 426.2 622.4 599.1 571.6 595.5 593.3 593.3 525.4 




St Pierre Formation (cont) 
BP141-6 	BP141.8 	BP159 BPI60 BP162 BP163 BP170 BP171 BP172 BP173 BP174 BP176 BP176B BP177 BP178 BP179 
Si02 46.71 59.26 59.47 59.01 59.32 60.07 59.72 59.98 59.82 59.25 59.05 59.89 59.51 59.42 60.61 60.02 
A1203 13.18 16.94 17.18 16.94 16.24 16.86 17.13 16.99 17.18 17.08 16.88 17.09 16.95 17.12 17.27 17.37 
Fe203 13.29 7.31 7.42 7.22 6.78 7 7.06 6.97 7.23 7.16 7.36 7.02 7.15 7.09 7.18 7.2 
MgO 10.22 1.16 0.93 I 1.39 1.32 0.88 0.84 0.89 0.85 0.95 0.82 0.83 0.82 I 0.9 
CaO 10.16 3.35 3.16 3.16 2.39 2.68 3.2 3.12 3.21 3.17 3.35 3.1 3.21 3.17 3.29 3.25 
Na2O 2.26 5.32 5.25 5.38 3.99 4.15 5.99 5.38 5.94 5.73 5.44 5.72 5.41 5.8 5.83 6.15 
K20 0.645 2.987 3.215 3.142 0.869 0.96 3.3 3.385 3.286 3.374 3.332 3.402 3.434 3.278 3.286 3.232 
T102 2.728 0.857 0.895 0.852 0.757 0.799 0.777 0.773 0.829 0.811 0.882 0.769 0.807 0.796 0.831 0.821 
MnO 0.169 0.181 0.186 0.18 0.1 0.109 0.186 0.172 0.196 0.182 0.18 0.179 0.18 0.183 0.19 0.189 
P205 0.353 0.255 0.201 0.207 0.135 0.149 0.189 0.171 0.2 0.192 0.201 0.183 0.189 0.191 0.184 0.193 
LOl 0.12 1.91 2.96 3.03 7.34 5.88 1.15 2.09 1.41 1.95 1.82 1.96 1.99 2.03 1.01 0.79 
Total 99.82 99.55 100.9 100.1 99.31 99.98 99.57 99.88 99.19 99.76 99.45 100.1 99.65 99.89 100.7 100.1 
Sc 33.9 7.8 9.8 12 9.9 8.8 7.9 10.6 7.4 8.7 8.6 8.2 10.4 10.6 12 7.4 
Ba 137.3 601.5 641.3 649.6 434.1 543.2 637.6 628.7 625.1 624.1 617.1 621.5 629.6 621.3 631 625.1 
V 348.9 26.2 29.9 25.3 20.9 23.6 18.5 20.4 18.2 19.4 26.9 17.5 22.7 18 24.8 18.2 
La 21.7 65.6 60.1 60.6 447 43.5 60 59 62.4 63.7 61 63.4 65.2 60.2 61 62.4 
Ce 52.8 150.7 126.6 134.1 91.8 80.3 132.7 130.9 130 130.9 125.3 131.9 121.2 130.3 132.4 133.8 
Nd 25.1 64.7 60 59.3 54.8 52.8 63.9 65.2 63.5 62.9 63.8 65.4 62 64.2 62.1 63.5 
Cr 669.5 1.3 -6.7 -5.5 -9.3 -11.2 -12.3 -10.8 -10.3 -10.5 -9.3 -11.4 -10.1 -10.6 -10.1 -12.4 
Ni 270 5.1 5.9 5.5 7.9 4.5 4.5 2.8 3.5 3.7 3.4 4.4 5.8 3.4 3.5 3.7 
Cu 55.7 12.7 17.5 14.5 11.8 19.3 8.3 16.2 18.2 13.5 12.6 28.2 13.4 20.6 10.7 8.4 
Zn 131 140.7 132.1 131.2 72 102.3 136.5 130.5 135.2 129.3 132.9 133.8 130.5 129.4 134.3 135.7 
Pb 3.4 6.8 7 6.6 5 5.4 5.6 6.1 7.2 4.7 5.6 6 5.3 5.4 5.8 6 
Th 0.5 8.5 8.9 8.6 5.3 5.5 8.9 8.7 9 8.9 8.7 8.8 8.6 8.8 9.3 9.1 
Rb 10.4 80.3 82 80.6 14.8 16 84.7 82.1 83.6 82.3 81.9 84.3 84.3 84.2 84 84.5 
Sr 376 370 354.3 353.9 296.5 321.7 361.9 358.3 363.3 356.5 369 357.8 362.1 363 366.7 364.6 
Y 32.2 59 58.8 57.1 39.3 43.5 61.1 59.6 60.7 59.9 59.9 60.4 60.2 60.6 61.8 61.6 
Zr 217.4 609 606.2 599.9 549.6 569.5 626.4 611 619.7 613.6 603.7 620.2 614.7 616.1 621.9 627.5 




St Pierre Formation (cont.) 
BPISO 	BPI8IA 	BP187 BP188 BP166 BP167A BP167B BP168 BP169 BP183 BP185 BPI86 
St Louis Formation 
BDM pumice: 
BP140-4 	BPI40-5 	BPI40-6 BPI40-10 BPI40-11 
Si02 59.68 59.97 59.82 59.71 59.15 57.85 58.51 58.7 59.44 59.94 60.1 59.52 51.87 50.26 51.76 50.1 49.58 
A1203 17.14 17.01 17.14 17.06 16.84 16.83 17.04 17.03 16.73 17.29 16.97 17.12 15.18 14.97 15.18 14.88 14.89 
Fe203 6.94 6.97 7.05 7.29 6.72 7.36 7.19 7.11 7.08 6.81 6.67 6.95 12.59 13.26 12.62 13.36 13.41 
MgO 0.84 0.87 0.83 0.89 0.8 1.12 1.11 1.04 1.19 0.71 0.82 0.77 2.52 3.41 2.91 3.6 3.8 
CaO 3.07 3.13 3.09 3.26 2.98 3.35 3.3 3.28 3.26 2.98 2.96 2.87 6.5 7.09 6.4 7.35 7.61 
Na20 5.65 5.58 5.47 5.66 5.83 5.59 5.96 5.91 5.64 5.88 5.75 5.5 4.94 4.41 4.84 4.43 4.24 
K20 3.372 3.357 3.329 3.295 3.299 3.01 3.13 3.098 3.127 3.409 3.361 3.193 1.765 1.566 1.779 1.462 1.385 
Ti02 0.749 0.781 0.784 0.841 0.676 0.899 0.847 0.804 0.822 0.701 0.683 0.743 2.312 2.72 2.34 2.766 2.825 
MnO 0.172 0.183 0.183 0.183 0.188 0.187 0.189 0.191 0.183 0.194 0.184 0.184 0.259 0.269 0.263 0.266 0.271 
P205 0.18 0.175 0.203 0.19 0.173 0.203 0.204 0.194 0.177 0.182 0.164 0.17 1.07 1.295 1.065 1.302 1.343 
LOl 2.5 2.01 2.02 1.3 3.11 2.85 2.8 2.96 1.93 2.02 2 2.52 0.55 0.33 0.21 0.24 0.26 
Total 100.3 100 99.93 99.68 99.78 99.26 100.3 100.3 99.58 100.1 99.66 99.54 99.55 99.56 99.35 99.74 99.62 
Sc 9.8 8.7 7 Il 8.6 11 10.7 9.1 10.4 11.5 II 8.9 17 20.6 15.6 16.4 17.7 
Ba 629.2 629 635.6 627.6 642.4 593.2 614 611 625.8 638.2 643.5 610.7 387.8 352.8 396.7 335.2 329.3 
V 15.9 18.6 18.6 19.8 Ii 28.1 19.8 22.6 23.8 10.9 12.1 15 60.7 99.9 59.8 106.6 126.8 
La 66.5 63.2 59.1 63.7 61.7 57.7 59 57.4 60.2 67.7 61.3 59.1 46.8 52.5 58.5 49.9 47 
Ce 127.1 126.3 134.7 137.4 131.3 125.2 126.3 125.4 131.1 133.1 131.1 131.3 122.6 110.4 120.1 117.4 119.1 
Nd 61.4 62.5 62.2 63.7 61.8 58.5 60.9 62.5 66.9 65.6 63.3 60.6 61.8 61.5 61.4 67 64.3 
Cr -10.1 -12 -11.1 -10.9 -9.6 -6.6 -8.7 -10.9 -11.2 -11 -11.5 -7.9 18.9 16.9 19.5 18.3 34.4 
Ni 4.8 3.5 3.6 3.2 3.7 8.3 4.8 5.9 4.4 2.7 5.4 5.5 26.9 20.9 24.4 15.4 23.1 
Cu 16.6 22.8 14.4 23.4 18.7 38.6 30.4 34.9 28.5 19.4 20.3 17.4 19 20.9 18.6 21.4 40.4 
Zn 127.1 129.4 132.3 133 134.8 137.7 135.5 138.3 137 139.3 135.7 126.5 163.4 157.6 163.2 158.6 161.4 
Pb 6.1 5.5 6.6 6.4 7.9 12 12.1 13.7 8.7 8.1 7 6.5 4 3.7 2.6 4.1 2.7 
Th 9 10 8.9 8.7 8.5 7.5 7.7 8.7 8.7 9.2 8.9 9 8.3 6.9 7.8 6.7 6.9 
Rb 84.6 85.8 83.3 83.6 84 77.2 79.1 79.7 80.9 84.7 85 81 66.6 50.3 50.4 38.2 33.2 
Sr 359.1 361.6. 353.9 363.8 342.3 361.7 358.2 362.6 360 343.8 343.1 334 218.1 639.3 639.1 674.7 678.5 
Y 59.6 60.3 59.8 60.3 65.5 59.1 59.1 59.3 61.7 63.2 66 57.9 60.3 56.2 56.1 57.9 55.2 
Zr 618.5 617.2 615.9 614.8 624.4 589.9 589.9 600.6 604.6 630.1 630.8 615.5 508.9 335.5 333.9 295.8 291.4 




St Louis Formation (cont.) 
BDM pumice: 
BP140-13 	BPI5IA 	BPI52B BPI53A BPI53B BPI54B BPI55A 
GBQ pumice: 
BP140-8 	BPI07 BPI40-2 SPI5IB BPI52A BPI52C BPI54A BPI54D 
Si02 51.39 51.81 54.41 53.12 51.37 52.74 52.67 50.44 61.16 58.91 59.9 59.51 58.6 58.56 60.52 57.19 
A1203 15.03 15.04 15.38 15.16 15.27 15.31 15.71 15.28 14.73 15.18 15.12 15.53 15.39 15.54 15.22 15.68 
Fe203 12.73 12.85 11.77 12.06 13.01 12.46 12.7 13.36 9.02 10.17 9.76 10.25 10.43 10.37 9.55 10.97 
MgO 3.12 2.84 2.36 2.85 3.9 2.98 2.95 3.56 0.28 0.73 0.54 0.81 1.23 1.14 0.5 1.4 
CaO 6.57 6.28 5.3 5.97 7.22 6.31 6.44 7.32 2.53 3.45 3.14 3.5 3.75 3.82 2.91 4.35 
Na20 4.74 4.78 5.22 4.95 4.59 4.91 5.1 4.82 6.45 6.07 6.33 6.53 6.17 6.22 6.86 6.08 
K20 1.631 1.783 2.074 1.994 1.542 1.836 1.815 1.541 3.346 2.66 2.821 2.804 2.623 2.718 3.07 2.456 
Ti02 2.373 2.375 1.844 2.109 2.627 2.236 2.382 2.812 0.666 0.944 0.841 1.004 1.148 1.104 0.821 1.352 
MnO 0.266 0.275 0.29 0.287 0.27 0.294 0.299 0.285 0.327 0.347 0.335 0.34 0.327 0.332 0.342 0.332 
P205 1.085 1.084 0.709 0.908 1.2 0.982 1.074 1.34 0.135 0.265 0.219 0.289 0.337 0.344 0.212 0.47 
LOl 0.32 0.49 0.14 0.08 -0.26 0.08 -0.25 -0.15 0.62 0.35 0.37 0.31 0.24 0.17 0.14 
Total 99.25 99.61 99.49 99.48 100.7 100.1 100.9 100.6 99.26 99.08 99.38 100.9 100 100.4 100.2 100.4 
Sc 18.6 16.2 18 19.4 21.8 19.5 20.2 19.9 13.5 15 13 21.5 17.5 18 16 18.7 
Ba 407.7 397.8 536.6 442.8 396 460.5 438.8 397.3 1631 lOIS 1184 1017 889.6 865.5 1523.7 744.5 
V 64.8 62.5 28.6 54.2 99.2 61.4 64.7 107.4 2.3 6 -0.2 2.4 14.6 6.9 6.1 8.3 
La 49.7 54.3 44.6 48 40.2 45.5 45.8 39.4 62.9 56.5 61.1 51.6 53.3 53.7 57.3 48.2 
Ce 124.8 121.1 106.6 115.5 106.1 118.4 106.7 114.9 135.3 122.8 123 123.4 116 116.5 122.4 117.5 
Nd 69.7 66.6 60.2 60.2 62 67.2 59.4 58.6 67.6 53.8 53.9 62.3 58.8 60.5 60.9 58.7 
Cr 27.1 12.2 13.2 22 38.7 19.2 6.8 25.7 1.4 2.3 3.1 -8.9 12.2 12.6 -11.7 -1.4 
Ni 26.1 19.4 27.2 28 31 24.4 15.2 10.5 4.3 6.2 6.2 6 21.4 15 5.2 9.1 
Cu 21.4 22.3 18.9 20 22.9 19.8 20.4 21.3 10.8 13 5.9 10.3 17 12.5 9.5 17.5 
Zn 168.4 165 158.1 164.2 156.9 161 161.1 158.2 177.5 179.2 175.2 172.7 168.3 172.8 175.6 171.9 
Pb 5.3 4.6 4.9 4.4 3.8 3.7 2.3 4.2 5.8 5.9 6.8 5.2 6 3.9 6.2 3.7 
Th 7.6 7.2 7.7 7.2 7.3 7.3 7.8 6.5 8.2 7.5 5.4 7.6 8.2 7.5 8.2 8.4 
Rb 40.7 55.6 53.6 50 38.7 47.1 43.5 37.2 68.9 63 69.2 64.2 59.3 61.5 69.8 56.7 
Sr 654.6 639.3 592.1 600.3 666.3 639.9 654.5 680.1 109.5 282.5 223.7 297.5 359.9 359 164.8 447 
Y 60.7 60.9 63.8 58.4 54.2 55.8 58.5 55.4 60.4 58.8 56.4 60.2 57.1 59.7 61 58.8 
Zr 330 333.1 382.2 372.3 306.3 348.4 342.9 310 519 490 483.1 492.6 468.3 472 524.8 446.2 




St Louis Formation (cont.) 
GBQ pumice (cont.) 
BP155B 	BP157 	BPI57A BP157C 
GGQ pumice: 
BP156 	BP190 
St Gilles Formation 
BP33(2) 	BP131 	BP139-2 BP139-3 BP1394 BP139-5 BP139-6 BP139-7 BP139-I0 BP139-I1 
Si02 55.61 53.46 60.07 50.12 6465 64.53 59.34 59.91 58.97 59.9 60.24 60.27 60.74 60.37 59.65 59.25 
A1203 15.67 15.63 15.11 14.95 14.88 14.95 17.06 16.81 16.65 16.93 16.95 16.85 17.31 17.08 16.86 17.31 
Fe203 11.67 12.14 9.52 13.25 6.48 6.4 6.63 6.52 6.6 6.79 6.84 6.91 6.93 6.9 6.93 6.76 
MgO 2.08 2.2 0.45 3.52 0.05 0.04 0.73 0.7 0.8 0.72 0.7 0.72 0.69 0.67 0.78 0.72 
CaO 5.09 5.43 2.86 7.16 0.96 1.13 2.66 2.63 2.43 2.76 2.53 2.47 2.56 2.62 2.77 2.72 
Na2O 5.81 5.18 6.68 4.45 7.08 7.13 5.2 5.16 4.53 5.18 4.7 4.42 5.01 4.85 4.81 5.15 
K20 2.158 2.039 3.092 1.562 4.774 4.715 2.937 2.872 2.754 3.086 2.695 2.502 2.697 2.915 3.003 3.042 
Ti02 1.682 2.039 0.777 2.775 0.381 0.387 0.687 0.666 0.636 0.686 0.688 0.698 0.703 0.687 0.727 0.678 
MnO 0.317 0.303 0.349 0.284 0.212 0.215 0.188 0.179 0.167 0.171 0.172 0.154 0.188 0.173 0.166 0.159 
P205 0.641 0.876 0.183 1.299 0.047 0.04 0.156 0.147 0.149 0.165 0.146 0.136 0.148 0.155 0.153 0.156 
LOl -0.05 0.45 0.14 0.46 0.39 0.38 3.75 3.45 5.87 3.53 4.17 4.56 3.91 3.81 3.6 3.86 
Total 100.7 99.76 99.23 99.84 99.9 99.91 99.34 99.04 99.57 99.91 99.82 99.69 100.9 100.3 99.46 99.81 
Sc 18.7 22 15.8 24.9 2.6 3.2 6.1 5.1 5.7 5.5 5.4 4.3 3.1 7.1 9.2 4.6 
Ba 604.7 498.3 1408 398.8 251 258.6 612.1 587.4 507.9 556.5 564.5 541.4 596.8 581.5 567.1 570.3 
V 17.9 38.5 1.4 112 6.2 7.9 4.8 8.8 6.9 5.9 8.2 9.9 9.9 6.5 17.5 7.1 
La 51.9 46 55.3 42.1 103.2 96.7 61.3 57.1 73.6 63.1 56 44.6 47.1 53.9 56.8 56.6 
Ce 112.7 119.1 115 105.6 205.8 206.9 136.2 143.6 149.5 130.4 140.7 129.8 124.9 124.3 131.9 125.9 
Nd 63.1 65.8 59.1 65.5 93.2 97.5 64.2 50.5 66.7 55.6 47.6 43.8 40.2 51.2 57.5 53.6 
Cr 13.4 1.4 -11 8.4 -12.4 -13.9 I -0.1 2.2 -0.6 1.1 1.4 -0.3 -0.7 4 3.1 
Ni 21.7 25.6 3.8 15.9 9.7 5.2 6.7 5.2 11.1 5.3 6.7 7.2 5 4.2 8.3 5.5 
Cu 15.2 20.9 9.8 20.1 4.9 13.1 16 117.8 8.2 11.7 82.9 56.1 35.3 33.6 28.7 21.6 
Zn 165.7 153.7 173.2 154.7 212.4 220.2 134.6 131.3 127.9 134.3 128.5 123.3 130.7 127.9 131.9 130.5 
Pb 4.1 2.9 5.9 3.3 10.5 7.7 16.3 13.2 30.7 14.5 8.4 7.6 10.2 6.5 33.2 31.2 
Th 6.9 7.7 8.6 7.5 14.9 14.3 8.7 8.5 7.5 8.8 8.3 7.9 8.4 8.1 9.1 8.6 
Rb 52.1 63.5 69.1 55.6 132.7 128.8 78.2 77.2 70 78.7 72.5 66.1 72.7 74.9 76 77.6 
Sr 546.5 627.4 181.3 682.3 12.3 15.4 320.2 323.3 269.4 328.7 313.8 308.1 321.9 314.9 321.5 322.9 
Y 59 60.4 60.8 57.4 95.5 102 55.2 49.4 63.5 54.6 46.2 41.6 471 48.4 50 53.8 
Zr 406.5 360.9 523.3 301.4 1079.3 1075.3 619.6 618.1 580.4 613.8 608.8 594.1 609.2 609.3 599.8 605.8 
Nb 61.5 56.3 - 76.1 49.4 143.3 145 74.1 73.6 67.4 72.8 72.2 70.2 72.9 - 	 71.9 71.3 72.2 
Sample 
St Gilles Formation (cont.) 
BP139-12 	BPI9IA 	BP192 BP194 BP195 
Salazie Formation: 
Sa14 







BP66A(3) 	BP197 BP199 BP202 
Si02 59.9 59.91 60.35 60.63 59.72 51.1 51.85 52.92 52.6 62.12 62.23 62.97 64.7 64.97 64.63 64.64 
A1203 17.15 17.17 17.39 17.38 17.37 15.08 15.17 15.74 15.26 15.21 14.77 14.95 15.09 15.38 14.89 14.94 
Fe203 6.88 6.83 6.91 6.92 6.98 12.91 12.6 12.22 11.94 7.52 7.22 6.89 5.45 5.79 6.15 6.14 
MgO 0.62 0.74 0.76 0.65 0.75 2.78 3.42 3.1 3.08 0.53 0.11 0.17 0.33 0.07 0.08 0.02 
CaO 2.52 2.52 2.75 2.59 2.89 6.11 6.58 6.36 5.99 1.63 1.6 1.48 0.79 0.66 0.97 0.88 
Na20 4.85 4.69 5.28 5.12 4.74 4.27 4.87 5.07 4.97 6.82 6.41 5.87 6.39 7.17 6.98 7.12 
K20 2.938 2.681 3.108 2.921 2.509 2.059 1.785 1.9 1.866 3.998 4.44 4.838 4.787 4.857 4.867 4.765 
1102 0.683 0.672 0.698 0.682 0.717 2.908 2.301 2.207 1.974 0.607 0.523 0.517 0.334 0.412 0.395 0.389 
MnO 0.149 0.165 0.187 0.164 0.15 0.172 0.277 0.266 0.283 0.214 0.25 0.232 0.12 0.157 0.196 0.198 
P205 0.147 0.157 0.167 0.148 0.145 0.715 0.965 0.937 0.797 0.104 0.075 0.067 0.035 0.043 0.038 0.037 
L01(l) 3.47 4.62 2.87 2.42 4.03 1.2 -0.43 0 0.615 1.72 1.88 2.34 1.47 0.48 0.56 0.61 
Total 99.3 100.2 100.5 99.63 100 
Sc 7.7 10.6 9.7 7.8 8.3 
Ba 552 574.7 615.6 625.7 574.6 
V 11.6 10.1 12.9 11.6 9.8 
La 52.3 62.8 62.9 52.3 62.4 
Cc 132.5 129 135.5 134.8 122.3 
Nd 47.8 64.1 61.1 58 66.1 
Cr 1.5 -8.2 -10 -9.7 -8.9 
Ni 6 12.6 7.1 6.3 7.5 
Cu 13.4 12.7 33.6 15 24.2 
Zn 124.9 120.7 139.3 122.1 117.4 
Pb 8.4 16.3 28.9 6.1 20.8 
Th 9.3 8.6 8.7 8.1 7.5 
Rb 75.9 70.9 80.3 79.2 64.9 
Sr 328.1 288.6 326.9 323.2 313.5 
Y 46.6 60 59.6 51.3 57.2 
Zr 621.9 605.4 620.5 632.1 611.5 
Nb 74 71.5 74 74.5 72.3 
99.3 99.37 100.7 99.38 100.5 99.52 100.3 99.51 99.96 99.77 99.74 
12.5 17.8 10.1 14.4 9.3 7.1 7 1.2 2.3 4 2.9 
401.9 463.6 470.7 545.5 1160.9 835.5 662.7 195.8 265.9 241.5 221.3 
114 50.2 56.5 29.2 8.3 3.8 9.7 1.1 10.9 6.3 6.6 
46.3 50.6 56.2 53.9 67.5 69.4 76.6 93 102.5 107.2 106.9 
95.6 110.6 116.9 122.1 134.5 147.1 164.2 180 208.5 212.9 225.2 
48.8 56.3 73.8 69.7 66.3 70.2 77.2 90.5 98.1 98.9 107.6 
5.7 54.6 33.4 41.9 -6.4 -10.7 -9.4 0.6 -1.1 -10.2 -12.1 
21.4 39.6 24.4 30.2 10.3 5.9 5.2 10 5.7 3.6 5.9 
17.2 23.5 26.3 23.5 7.8 6.2 6.7 7 6 9.5 2 
150.5 150.7 158.4 152.6 164.1 189.8 198.2 126.1 220.8 231.6 235.3 
4.4 5.1 3.6 3.9 9.1 7.1 10.2 9.1 12.3 12.3 12.9 
7.5 7.1 7.2 7.1 8.8 9.9 11.3 12.6 14 15.6 15.7 
42.7 41 46.4 41.6 83.6 94 107.2 125 130.5 141.7 143.9 
613 627 602.7 589.3 73.2 47 39 12.3 13.3 15.6 10.6 
55.3 55.5 57.5 54 61 72.2 77.3 72.8 87.6 105.1 107.4 
349.2 345.6 383.1 342.4 569.4 669.9 749.3 863.6 1032.1 1107.6 1141.3 
54 53.7 58.3 52.4 82.3 95.8 105.6 97.3 139.2 150.8 155 
